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METHODS AND APPARATUS FOR CONTROLLING FORMATION OF
DEPOSITS IN A DEPOSITION SYSTEM AND DEPOSITION SYSTEMS
AND METHODS INCLUDING THE SAME

Statement of Government Support

The present invention was made, at least in part, with government support
under Office of Naval Research Contract No. N00014-02-C-0302. The United

States government may have certain rights to this invention.

Field of the Invention

The present invention relates to deposition processes and apparatus and,

more particularly, to methods and apparatus for depositing a film on a substrate.

Backeround of the Invention

Deposition systems and methods are commonly used to form layers such as
relatively thin films on substrates. For example, a chemical vapor deposition
(CVD) reactor system and process may be used to form a layer of semiconductor
material such as silicon carbide (SiC) on a substrate. CVD processes may be
particularly effective for forming layers with controlled properties, thicknesses,
and/or arrangements such as epitaxial layers. Typically, in a deposition system,
such as a CVD system, the substrate is placed in a chamber and a process gas
including reagents or reactants to be deposited on the substrate is introduced into
the chamber adjacent the substrate. The process gas may be flowed through the
reaction chamber in order to provide a uniform or controlled concentration of the
reagents or reactants to the substrate. Undesirably, the reagents or reactants may
tend to deposit on interior surfaces of the reaction chamber as well. Such deposits
may be referred to as "parasitic” deposits because they remove reagents or
reactants from the process.

With reference to Figure 5, an exemplary conventional deposition system
40 is shown therein and illustrates the process by which deposits may be formed on

unintended surfaces of a reaction chamber. The system 40 is, for example, a flow
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through, hot wall, CVD reactor. The system 40 has a top susceptor member 42 and
a bottom susceptor member 44. The system 40 also has a top liner 43 and a bottom
liner 45 defining a reaction chamber 47 therebetween. A substrate 20, such as a
walfer, is positioned in the reaction chamber 47 and may be situated on an interior
surface of a platter (which may rotate), for example. A process gas is introduced to
the reaction chamber 47 at one end, flowed through the reaction chamber 47 past
the substrate 20, and finally exhausted from the reaction chamber 47 at the
opposite end. As indicated by the arrows in the reaction chamber 47 as shown in
Figure 5, as the process gas flows through the reaction chamber 47 a portion of the
process gas may contact the substrate 20 as intended and thereby deposit the
reagents or reactants on the substrate 20 to form a layer thereon. However, as
indicated by the arrows, a portion of the process gas also contacts an interior
surface or ceiling 46 of the top liner 43 as well as interior surfaces of the bottom
liner 45 and side walls. As a result, parasitic deposits 50 and 52 of the reagents or
reactants from the process gas tend to form on the ceiling 46 and the bottom liner
45, respectively, as well as on the sidewalls. The parasitic deposits on the ceiling
46 may be particularly harmful because they may dislodge and fall onto the
substrate 20 during processing, reducing the quality of the formed layer.

Moreover, the changing amount of the parasitic deposits may introduce undesirable
variations in temperature and gas flow dynamics, thereby influencing the growth of
the layer on the substrate 20. Depletion of the process gas because of the
formation of the parasitic deposits may tend to waste reactants, thereby reducing
efficiency and growth rate.

Typically, the deposition process is managed to accommodate the
formation of parasitic deposits. The cumulative growth time may be limited to
reduce the impact of parasitic deposits on product material. After a set time, the
susceptor may be cleaned and reconditioned before more production growth runs
are attempted. This procedure may limit both the possible length of any single
growth run and the number of runs of shorter duration between cleaning cycles.
Despite such efforts, parasitic deposits may nonetheless negatively impéct product
material due to particle formation, process variability and reduced reactant

utilization efficiency.
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Summaryv of the Invention

According to embodiments of the present invention, parasitic deposits are
controlled in a deposition system for depositing a film on a substrate, the
deposition system of the type defining a reaction chamber for receiving the
substrate and including a process gas in the reaction chamber and an interior
surface contiguous with the reaction chamber. Such control is provided by flowing
a buffer gas to form a gas barrier layer between the interior surface and at least a
portion of the process gas such that the gas barrier layer inhibits contact between
the interior surface and components of the process gas.

According to further embodiments of the present invention, a deposition
system for depositing a film on a substrate using a process gas includes a reaction
chamber adapted to receive the substrate and the process gas. The system further
includes an interior surface contiguous with the reaction chamber. A buffer gas
supply system is adapted to supply a flow of a buffer gas between the interior
surface and at least a portion of the process gas such that the flow of the buffer gas
forms a gas barrier layer to inhibit contact between the interior surface and
components of the process gas when the process gas is disposed in the reaction
chamber.

According to yet further embodiments of the present invention, a
deposition control system is provided for controlling parasitic deposits in a
deposition system for depositing a film on a substrate, the deposition system of the
type defining a reaction chamber for holding the substrate and including a process
gas in the reaction chamber and an interior surface contiguous with the reaction
chamber. The deposition control system includes a buffer gas supply system
adapted to provide a flow of a buffer gas between the interior surface and at least a
portion of the process gas such that the flow of the buffer gas forms a gas barrier
layer to inhibit contact between the interior surface and components of the process
gas.

According to further embodiments of the present invention, a deposition
system for depositing a film on a substrate includes a reaction chamber adapted to
receive the substrate and an interior surface contiguous with the reaction chamber.
A process gas is disposed within the reaction chamber. A flow of a buffer gas is

disposed between the interior surface and at Jeast a portion of the process gas. The
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flow of the buffer gas forms a gas barrier layer to inhibit contact between the
interior surface and components of the process gas.

According to further embodiments of the present invention, a susceptor
assembly for depositing a film on a substrate using a process gas and a buffer gas
each flowed in a flow direction includes at least one susceptor member. The at
Jeast one susceptor member defines a reaction chamber, a process gas inlet and a
buffer gas inlet. The reaction chamber is adapted to receive the substrate and has a
buffer gas region to receive the buffer gas. The reaction chamber has a first cross-
sectional area perpendicular to the flow direction. The process gas inlet has a
second cross-sectional area perpendicular to the flow direction. The second cross-
sectional area is less than the first cross-sectional area. The buffer gas inlet is
adjacent the process gas inlet and is adapted to direct the buffer gas into the buffer

gas region of the reaction chamber.

Brief Description of the Drawings

Figure 1 is a schematic view of a deposition system according to
embodiments of the present invention;

Figure 2 is a perspective view of a susceptor assembly forming a part of
the deposition system of Figure 1;

Figure 3 is a cross-sectional view of the susceptor assembly of Figure 2
taken along the line 3-3 of Figure 2, wherein a buffer gas supply line, a substrate, a
flow of buffer gas and a flow of process gas are also shown;

Figure 4 is a rear end elevational view of the susceptor assembly of Figure
2 and the substrate; and

Figure 5 is a schematic view of a conventional deposition system.

Detailed Description of the Preferred Embodiments

The present invention now will be described more fully hereinafter with
reference to the accompanying drawings, in which embodiments of the invention
are shown. This invention may, however, be embodied in many different forms
and should not be construed as limited to the embodiments set forth herein. |
Rather, these embodiments are provided so that this disclosure will be thorough

and complete, and will fully convey the scope of the invention to those skilled in
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the art. In the drawings, the relative sizes of regions or layers may be exaggerated
for clarity. It will be understood that when an element such as a layer, region or
substrate is referred to as being “on” another element, it can be directly on the
other element or intervening elements may also be present. In contrast, when an
element is referred to as being “directly on” another element, there are no
intervening elements present. |

| With reference to Figure 1, a deposition system 101 according to
embodiments of the present invention is schematically shown therein. The
deposition system 101 may be a horizontal, hot wall, flow through, CVD system as
shown including a susceptor assembly 100, a quartz tube 180 defining a through
passage 180A, an electromagnetic frequency (EMF) generator 182 (for example,
including a power supply and an RF coil surrounding the tube 180) and a process
gas supply system 161. An insulative cover may be provided about the susceptor
assembly 100 in addition to or in place of the quartz tube 180. The deposition
system 101 further includes a buffer gas supply system 171 in accordance with the
present invention. The deposition system 101 may be used to form a layer or film
on a substrate 20 (Figure 3). While only a single substrate 20 is illustrated in
Figures 3 and 4, the system 101 may be adapted to form films concurrently on
multiple substrates 20.

The substrate 20 may be a wafer or other structure formed of the same or a
different material than that of the layer to be deposited. The substrate 20 may be
formed of, for example, SiC, sapphire, a Group III nitride, silicon, germanium,
and/or a ITI-V or II-VI compound or interalloy, or the like. The substrate surface
upon which the film is deposited may be a base substrate or a first or subsequent
layer superimposed on a base substrate. For example, the surface of the substrate
20 for recéiving the deposited film may be a layer previously deposited using the
deposition system 101 or an alternative apparatus. As will be appreciated by those
of skill in the art in light of the present disclosure, embodiments of the present
invention may be advantageously utilized with semiconductor materials other than
those specifically mentioned herein. As used herein, the term "Group III nitride"
refers to those semiconducting compounds formed between nitrogen and the
elements in Group IIIA of the periodic table, usually aluminum (Al), gallium (Ga),

and/or indium (In). The term also refers to ternary and quaternary compounds

-5-



10

15

20

25

30

Attorney Doc.ct No. 5308-297

such as AlGaN and AlInGaN. As is well understood by those in this art, the Group
[1I elements can combine with nitrogen to form binary (e.g., GaN), ternary (e.g.,
AlGaN, AlInN), and quaternary (e.g., AllnGaN) compounds. These compounds
all have empirical formulas in which one mole of nitrogen is combined with a total
of one mole of the Group Il elements. Accordingly, formulas such as Al,Ga;.N
where 0 < x < 1 are often used to describe them.

Generally, the process gas supply system 161 supplies a'process gas into
and through the susceptor assembly 100 as discussed below. The EMF generator
182 inductively heats the susceptor assembly 100 to provide a hot zone in the
susceptor assembly 100 where deposition reactions take place. The process gas
continues through and out of the susceptor assembly 100 as an exhaust gas which
may include remaining components of the process gas as well as reaction by-
products, for example. Embodiments of the present invention may be used in
types of deposition systems other than hot wall CVD systems. Other modifications
to the systems and methods of the present invention will be apparent to those of
ordinary skill in the art upon reading the description herein.

The process gas supply system 161 includes a supply 160 of the process
gas. The process gas includes one or more components such as reagents, reactants,
species, carriers and the like. One or more of these components may be capable,
alone or in combinétion with one or more other components (which may also be
present in the pi‘ocess gas), of forming deposits on a surface such as the ceiling or
interior surface 120 (Figure 3). Exemplary components that may form or assist in
forming deposits upon contacting the ceiling surface 120 include SiH,, C;Hs,
C,H,, Si2Hs, SiCl4,‘SiH2Clz, SiCl;(CHs3), NHj, trimethyl gallium, and trimethyl
aluminum. Where it is desired to form a SiC layer on a substrate, the process gas
may include precursor gases such as silane (SiHy) and propane (C;Hs) along with a
carrier gas such as purified hydrogen gas (H,). The process gas supply 160 may be
provided from one or more pressurized containers of the gases with flow control
and/or metering devices as needed. The process gas may bé adapted to deposit a
layer of SiC, a Group III nitride, silicon, germanium, and/or a II1-V and/or II-VI
compound or interalloy on the substrate 20.

The buffer gas supply system 171 includes a supply 170 of a buffer gas
fluidly connected to the susceptor assembly 100 by a line 172. The buffer gas
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supply 170 may be provided from one or more pressurized canisters of the gas or
gases with flow control and/or metering devices as needed. A heater 174 may be
provided along the line 172, in or at the susceptor assembly 100, or at the buffer
gas supply 160 for preheating the buffer gas.

The buffer gas may be any suitable gas. According to sbme embodiments,
the buffer gas is a gas having relatively low diffusion rates for many or selected
ones of the species or components present in the process gas. According to some
embodiments, the buffer gas is a noble gas. The noble gas may include argon,
helium, neon, krypton, radon, or xenon. Other suitable gases include Hj, N2, NH3
or air. The buffer gas may include or be substantially composed of a species
capable of chemically assisting in removing or inhibiting deposits of reactants from
the process gas. For example, in accordance with some embodiments and
particularly in the case of a process for growing a layer of SiC on a substrate, the
buffer gas includes an etchant such as HCl, Cl and/or a carbon-containing gas
such as propane.

Turning to the susceptor assembly 100 in greater detail and with reference
to Figures 2 to 4 the susceptor assembly 100 includes 2 top member 110, a pair of
side members 130, and a bottom member 140. The susceptor assembly 100
extends from an entrance end 100A to an exit end 100B. The members 110, 130,
140 define an entrance opening 102 (at the end 100A) and an exit opening 104 (at
the end 100B). The members 110, 130, 140 also define a reaction chamber 106
extending from a process gas inlet 102B to the opening 104. According to some
embodiments, the reaction chamber 106 has a length of between about 0.1and 1
meter, a width of between about 0.05 and 0.5 meter, and a height of between about
1 and 10 cm.

The top member 110 includes a core or susceptor body 112 covered (and
preferably substantially fully surrounded) by a layer 114. The layer 114 includes
the ceiling or interior surface 120 facing and contiguous with the reaction chamber
106.

The core 112 is preferably formed of a susceptor material suitable to
generate heat responsive to eddy currents generated therein by the EMF generator

182, such materials and inductive heating arrangements being well known to those
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of skill in the art. The core 112 may be formed of graphite, and more preferably of
high purity graphite.

The layer 114 may be formed of a material having high purity and which is
able to withstand the process temperatures (typically in the range of 1500 to
1800°C for SiC deposition). The layer 114 may be formed of, for example, SiC or
a refractory metal carbide such as TaC, NbC and/or TiC. The layer 114 may be
applied to the core 112 by any suitable method. Preferably, the layer 114 1s a
dense, impervious coating and has a thickness of at least about 10um, and more
preferably, between about 20pm and 100pum. .

The top member 110 further includes a downwardly stepped portion 116
adjacent the opening 102. The stepped portion 116 and the underlying portion of
the liner 152 define the process gas inlet 102B and a process gas inlet passage
102A extending from the opening 102 to the process gas inlet 102B. The step
portion 116 also defines a buffer gas region 106A (Figure 3) in the upper portion
of the reaction chamber 106.

A plurality of passages 117 (one shown in Figure 3) extend through the top
member 110 and terminate at a respective port 176 (see Figures 3 and 4). A
common feed inlet T17A (Figures 2 and 3) is provided for connecting the buffer
gas line 172 to the passages 117 which may be interconnected in a manifold
arrangement by a lateral passage 117B (Figure 3). Alternatively, separate lines
and/or inlets may be provided for some or each of the ports 176. The passages
117, the inlet 117A and the ports 176 may be formed in the top member 110 by
any suitable method such as drilling or molding.

The bottom member 140 includes a core 142 covered by a coating or layer
144. Suitable materials and methods for forming the core 142 and the layer 144
are as described above for the core 112 and the layer 114. The side members 130
similarly include respective cores (not shown) and covering layers which may be
formed of the same materials and using the same methods as described above for
the core 112 and the layer 114.

A liner or liners 152 may overlie the bottom member 140 as shown in
Figures 3 and 4. The liner 152 may be formed of SiC or SiC coated graphite, for
example, as disclosed in U.S. Patent Application Serial No. 10/017,492, filed

October 20, 2001, the disclosure of which is incorporated herein by reference.
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A platter 154 or the like may be situated between the bottom member 140
and the substrate 20 to support the substrate 20. According to some embodiments,
the platter 154 may be rotatively driven by a suitable mechanism (not shown). For
example, the system may include a gas-driven rotation system as described in
Applicant's U.S. Application Serial No. 09/756,548, titled Gas Driven Rotation
Apparatus and Method for Forming Silicon Carbidé Layers, filed January 8, 2001,
and/or as described in Applicant's U.S. Application Serial No. 10/117,858, titled
Gas Driven Planetary Rotation Apparatus and Methods for Forming Silicon
Carbide Layers, filed April 8, 2002, the disclosures of which are hereby
incorporated herein by reference in their entireties. Alternatively, the platter 154
may be stationary. The platter 154 may be adapted to hold one or multiple
substrates 20. The platter 154 may be foﬁned of any suitable material such as SiC
coated graphite, solid SiC or solid SiC alloy. The platter 154 may be omitted such
that the substrate rests on the bottom member 140, the liner 152, or other suitable
support.

In use, the process gas supply system 161 supplies a flow of the process gas
to the reaction chamber 106 through the inlet opening 102. The process gas P
flows generally in a flow direction R (Figure 3). The arrows labeled P i’ Figure 3
indicate the general flow path of the process gas and the reagents therein. As
shown, the process gas and the reagents therein contact the substrate 20 to form the
desired layer (e.g., an epilayer) on the exposed surface of the substrate 20.

Concurrently, the buffer gas supply system 171 supplies or inserts a flow of
the buffer gas into the buffer gas region 106A of the reaction chamber 106 through
the ports 176 such that the buffer gas B flows through the reaction chamber 106
generally in the flow direction R. The arrows labeled B in Figure 3 indicate the
general flow path of the flow of buffer gas. The buffer gés B flows in the buffer
gas region 106A along the ceiling or interior surface 120 so as to form a barrier
Jayer 178 of flowing buffer gas extending upwardly from the dashed line of Figure
3 to the ceiling surface 120.

The barrier layer 178 serves to inhibit or impede the movement of the
process gas P and components thereof from moving into contact with the ceiling
surface 120 where reagents or reactants of the process gas P might otherwise form

deposits. Below the barrier layer 178, the process gas P is permitted to flow in the
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normal manner to, over and beyond the substrate 20. In this manner, the process
gas P and the deposition system 101 form the desired layer(s) on the exposed
surface(s) of the substrate 20. The flow of buffer gas B may also serve to push the
reactant stream of the process gas P toward the substrate 20, thereby accelerating
the growth rate.

As discussed in more detail below, according to some embodiments, the
buffer gas B flow is maintained as a substantially laminar flow. As long as the
flow of the buffer gas B is laminar, the only way reagents or other components
from the process gas P can reach the ceiling surface is by diffusing from the
process gas P flow and through the barrier gas B flow. In general, the distance S a

diffusing species will traverse during time span of t follows the relationship S =

Dt , where D is the diffusion rate. In the present case, t is the transit time of
species through the reaction chamber 106. The transit distance of concern will
depend on to what lengthwise extent the operator or designer desires to inhibit
deposits downstream of the process gas inlet 102B. In most cases, it will be
deemed sufficient to inhibit or prevent the formation of deposits on the ceiling
surface 120 up to the downstream edge of the substrate 20. In the susceptor
assembly 100 illustrated in Figure 3, this transit distance is indicated by the

distance L. The transit time can generally be determined as follows:

=

~
RIX
~—

Where :

L = Length of susceptor

M = Mass flow rate

p = Average density of gas within susceptor, determined by pressure, temperature
and gas composition.

A = Cross sectional area of susceptor opening.
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In order for the barrier layer 178 to prevent all diffusion of the components of the
process gas P, the thickness S of the barrier layer 178 (which may correspond
generally to the height I of the step portion 116) should satisfy:

s>Di= |2

()

It will be appreciated by those of ordinary skill in the art upon reading the
description herein that, in accordance with the present invention, it is not necessary
to completely prevent all components of the process gas P from contacting the
ceiling surface 120 as may be accomplished by providing fully laminar flow of the
buffer gas B and a barrier layer 178 having a thickness S satisfying the foregoing
criteria. Rather, the system 101 may be designed to allow some turbulence and/or
have a barrier layer thickness S less than that necessary to preclude all deposits. In
this manner, for example, the system 101 may provide a significant reduction in
parasitic deposits while allowing some deposits to occur. According to some
embodiments, the rate of formation of parasitic Geposits on the ceiling surface 120
is preferably no more than one half the growth rate on the substrate 20 and more
preferably no more than one quarter the growth rate on the substrate 20.

The barrier layer thickness S may be increased to provide an additional
margin of protection for the ceiling surface 120 or to compensate for turbulence in
the buffer gas flow B. The height of the buffer gas region 106A may be greater
than, less than, or the same as the optimal thickness S of the barrier layer 178.

Further, various process parameters may be considered in determining the
degree of laminarity of the buffer gas B flow and the distance S needed to obtain
the desired reduction or prevention of deposits on the ceiling surface 120. For
example, at typical SiC epilayer growth temperatures (i.e., in the range of about
1500 to 1800°C), simultaneous etch and deposition processes may take place.
Therefore, for a given growth condition, there may exist a critical minimum
reagent supply rate necessary to stabilize the surface (in this case, the ceiling
surface 120). A reagent supply rate above critical will result in growth of parasitic

deposits on the ceiling surface 120 while a supply rate below critical will result in
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etching of parasitic deposits from the ceiling surface 120. Accordingly, even if the
reagent flux to the ceiling wére only reduced to the critical supply rate, then
essentially no net deposition would occur on the ceiling.

Preferably, the deposition system 101 is adapted to maintain the flow of the
buffer gas B and the flow of the process gas P as a laminar flow to at least a
location downstream of the substrate 20, and more preferably, throughout the
reaction chamber 106, to reduce or prevent mixing or turbulence between the flows
that may promote transport of the process gas P through the barrier layer 178.

The relative dimensions and configurations of the reaction chamber 106,
the process gas inlet 102B, and the buffer gas ports 176 may be selected to
promote laminar flow. According to some embodiments and as illustrated (see
Figures 3 and 4), therp'rocess gas inlet 102B is smaller in cross-section (1.¢.,
generally perpendicular to the flow direction R of the gases, and as shown in
Figure 4) than the reaction chamber 106 so that a remaining space (i.e., the buffer
gas region 106A) is available in the reaction chamber 106 for insertion of the
buffer gas B into the reaction chamber 106 without inserting the buffer gas B into
the process gas or into the unmodified flow path of the process gas P.

In the illustrated embodiment, the provision of the stepped portion 116 may
facilitate laminar flow. According to some embodiments of the present invention,
the sum of the height G of the opening 102 and the height I of the step portion 116
is substantially the same as the full height H of the reaction chamber 106 (see
Figure 3). Preferably, the widths of the process gas inlet 102B, the step portion
116, and the reaction chamber 106 are substantially the same so that the cross-
sectional area (i.e., generally perpendicular to the flow direction R of the gases,
and as shown in Figure 4) of the reaction chamber 106 is substantially the same as
the combined cross-sectional area of the process gas inlet 102B and the step
portion 116. In this manner, the flow of the process gas P and the flow of the
buffer gas B enter the reaction chamber 106, in parallel, at substantially the same
axial location in the reaction chamber 106 along the direction of flow R of the
gases P, B. Because the buffer gas region 106A is provided above the natural flow
path of the process gas P, the buffer gas B can be inserted into the reaction
chamber 106 without substantially displacing the process gas P. As aresult,

turbulence and mixing of the gas flows that might otherwise be created by initially
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introducing the buffer gas B into the path of the process gas P may be avoided.
The height I of the step portion 116 is preferably between about 5 and 25% of the
height H of the reaction chamber 106.

According to some embodiments and as illustrated, the reaction chamber
106 has a substantially uniform height H along substantially its full length. In this
case, the reaction chamber 106 may have a substantially uniform cross-sectional
area along its full length. This configuration may serve to promote the integrity of
the boundary layer between the flow of the process gas P and the flow of the buffer
gas B. The height H of the reaction chamber 106 is preferably between about 0.5
and 5 cm. According to further embodiments, the height H is not uniform, but
rather the ceiling is tilted or curved in either direction to improve uniformity or
efficiency of the process. In this case, the cross-sectional area of the reaction
chamber 106 may vary, uniformly or non-uniformly.

While a step portion 116 and ports 176 are shown and described, other
features and geometries may be used to control the flow of the buffer gas B so as to
control turbulence in the flow of the buffer gas B. The configurations of the
process gas inlet passage 102A, the process gas inlet 102B, the inlet opening 102,
the buffer gas passages 117, and/or the buffer gas inlets 176 may be adapted to
promote lamiﬁar flow of and between the process gas P and the buffer gas B. The
axial length K (Figure 3) of the process gas inlet passage 102A may be extended
to reduce turbulence in the process gas P entering through the inlet 102 before the
process gas P enters the reaction chamber 106 through the process gas inlet 102B.
However, because the passage 102A is within the susceptor assembly 100 and 1s
thus heated, reactions may occur which tend to form deposits or the ceiling surface
of the passage 102A. For this reason, it may be desirable to minimize the length of
the passage 102A. The buffer gas ports 176 may be replaced with one or more
suitably configured slots.

According to some embodiments, the velocity of the process gas P and the
velocity of the buffer gas B through the reaction chamber 106 are substantially the
same. For SiC epitaxy, in accordance with some embodiments of the present
invention where the length of the reaction chamber 106 is between about 0.1 and

1 m, the velocity of the gases P, B is at least about 1 m/s, and preferably between

-13 -



10

15

20

25

30

Attorney Doc..ct No. 5308-297

about 5 and 100 m/s to limit the time for diffusion of the process gas P through the
barrier layer 178.

In order to further promote the integrity of the barrier layer 178 and thereby
inhibit diffusion of the process gas P therethrough, the buffer gas B may be
provided at a temperature greater than the temperature of the adjacent process gas
P. The hotter buffer gas B will naturally segregate from the relatively cooler
process gas P along the ceiling surface 120 because of the relative buoyancy of the
hotter gas. According to some embodiments, the average temperature of the buffer
gas B is at least 10°C hotter than the average temperature of the process gas in the
reaction chamber 106.

The buffer gas B may be heated using the heater 174. Additionally or
alternatively, the buffer gas B may be heated by heating the ceiling surface 120 to
a temperature greater than the temperature or temperatures of the lbwer surfaces
contiguous with the reaction chamber 106 which the process gas P contacts, 1.e., by
providing a temperature differential between the ceiling surface 120 and the floor,
the platter 154 and/or other surfaces contacting the process gas P. That is, the
temperature profile in the reaction chamber 106 may be deliberately and
selectively maintained as spatially non-uniform (e.g., as a gradient) extending from
the ceiling surface 120 to the lower and/or other surfaces contiguous with the
reaction chamber 106. This may be accomplished, for example, by providing
greater thermal insulation between the core 142 and the surfaces of the liner 152,
the platter 154 and the substrate 20 contacting the process gas P than is provided
between the core 112 and the ceiling surface 120. For example, the liner 152 and
the layer 114 may be suitably relatively constructed (e.g., by selection of material
and thickness) to provide desired relative insulative effects. Because the top
member 110 and the bottom member 140 are inductively heated, primarily by the
resistivity of their graphite cores 112, 142, the temperatures of the surfaces of the
liner 152, the platter 154 and the substrate 20 contacting the process gas P are
thereby reduced as compared to the temperature of the ceiling surface 120. The
buffer gas B is thus heated at a faster rate than the process gas P. To promote
conduction of heat from the core 112 to the ceiling surface 120, the layer 114 may
be directly coated on the core 112 to form a relatively monolithic or unitary top

member 110.
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Alternatively or additionally, a temperature differential can be created or
increased between the ceiling surface 120 and the other surfaces such as the liner
152 or other lower surfaces by forming the layer 114 (and thus the ceiling surface
120) from a material having a lower emissivity than the material of the layer 144
and/or of the liner 152 or other surfaces contacting the process gas P stream. For
example, the layer 114 may be formed of TaC (which has an emissivity of about

0.4) and the liner 152 and the platter 154 may be formed of SiC (which has an

* emissivity of about 0.9). As a result, the layer 114, and therefore the ceiling

surface 120, will lose comparatively less heat from radiation, resulting in a higher
temperature at the ceiling surface 120. Moreover, parasitic deposits may tend to
adhere less well to TaC or other metal carbides than to SiC. As a further
advantage, in many applications, a TaC coating will typically be more durable than
a SiC coating, which may serve to prolong the service life of the part.

In addition to the barrier effect, the ceiling surface 120 can be heated, for
example, in one or more of the manners described above, such that it is sufficiently
hotter than the other components in the reaction chamber 106 to induce etching or
sublimation of deposits on the ceiling surface 120. That is, deposits on the

“telatively hot ceiling surface 120 will tend to etch away or sublime and return to
the buffer gas B or the process gas P rather than remaining on the ceiling surface
120.

As discussed above, the buffer gas B may consist of or include HCl or
other active gas to chemically impede the formation of parasitic deposits on the
ceiling surface 120 and/or to remove such deposits.

Because the growth of parasitic deposits on the ceiling surface 120 is
inhibited or suppressed, greater volumes of process gas P can be flowed through
the reaction chamber 106 before cleaning or the like is required. Deposition
systems and methods in accordance with the present invention may greatly extend
the permissible growth time and layer thickness while improving repeatability and
efficiency. Moreover, the reduction in the rate of deposit formation may allow the
use of lower ceiling heights, which allows for more efficient use of the process gas
and improved thermal uniformity. _

While the foregoing deposition system 101 and methods are described as

relating to a horizontal, hot wall, CVD, flow through deposition process, various
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aspects of the present invention may be used in other types of deposition systems
and processes. While particular embodiments have been described with reference
to "top", "bottom" and the like, other orientations and configurations may be
employed in accordance with the invention. For example, the deposition system
and process may be a cold wall and/or non-horizontal flow through system and
process. The deposition system and process may be a vapor phase epitaxy (VPE),
liquid phase epitaxy (LPE), or plasma enhanced CVD (PECVD) deposition system
and process rather than a CVD system or process. The present invention is not
limited to providing a barrier layer for a ceiling surface of a reaction chamber. The
buffer gas supply system may be modified to provide a buffer gas flow along one
or more surfaces in addition to or instead of the ceiling surface.. For example, the
buffer gas supply system may be employed to inhibit parasitic deposits from
forming on a lower liner or other surfaces upstream from the substrate 20, or in
other locations where parasitic deposits are problematic.

While the systems and methods have been described in relation to
processes for depositing layers on substrates such as semiconductor wafers, the
present invention may be employed in processes for depositing layers or the like on
other types of substrates. The systems and methods of the present invention may
be particularly useful in processes for forming an epitaxial layer on a substrate.

Various other modifications may be made in accordance with the invention.
For example, the reaction chamber may be closed at one or both ends rather than
providing a through passage. Heating systems may be used other than or in
addition to inductive heating.

As used herein a "system" may include one or multiple elements or
features. In the claims that follow, the "deposition system”, the "deposition control
system", the "buffer gas supply system", the "process gas supply system" and the
like ére not limited to systems including all of the components, aspects, elements
or features discussed above or corresponding components, aspects, elements or
features.

The foregoing is illustrative of the present invention and is not to be
construed as limiting thereof. Although a few exemplary embodiments of this
invention have been described, those skilled in the art will readily appreciate that

many modifications are possible in the exemplary embodiments without materially
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departing from the novel teachings and advantages of this invention. Accordingly,
all such modifications are intended to be included within the scope of this
invention. Therefore, it is to be understood that the foregoing is illustrative of the
present invention and is not to be construed as limited to the specific embodiments
disclosed, and that modifications to the disclosed embodiments, as well as other

embodiments, are intended to be included within the scope of the invention.
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THAT WHICH IS CLAIMED IS:

1. A method for controlling parasitic deposits in a deposition system
for depositing a film on a substrate, the deposition system of the type defining a
reaction chamber for receiving the substrate and including a process gas in the
reaction chamber and an interior surface contiguous with the reaction chamber, the
method comprising:

flowing a buffer gas to form a gas barrier layer between the interior
surface and at least a portion of the process gas, such that the gas barrier
layer inhibits contact between the interior surface and components of the

process gas.

2. The method of Claim 1 wherein the step of flowing the buffer gas

includes flowing the buffer gas along the interior surface.

3. The method of Claim 1 including flowing the process gas through
the reaction chamber in a tiow direction, and wherein the step of flowing the buffer
gas includes flowing the buffer gas through the reaction chamber in the flow

direction.

4, The method of Claim 3 wherein the step of flowing the buffer gas
includes flowing the buffer gas through the reaction chamber at substantially the

same velocity as the process gas.

5. The method of Claim 3 including introducing both the buffer gas
and the process gas into the reaction chamber at substantially the same location
along the flow direction so as to inhibit turbulence in and mixing between their

respective flows.

6. The method of Claim 1 including flowing the process gas into the

reaction chamber through a process gas inlet, and wherein:
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the process gas inlet has a smaller cross-sectional area than a cross-
sectional area of the reaction chamber so as to define a buffer gas region in
the reaction chamber; and

the step of flowing the buffer gas includes flowing the buffer gas

into the buffer gas region.

7. The method of Claim 1 wherein the step of flowing the buffer gas
includes providing a substantially laminar flow of the buffer gas along the interior

surface.

8. The method of Claim 1 wherein the interior surface overlies the

substrate.

9. The method of Claim 1 including providing the buffer gas to the
reaction chamber at temperature greater than a temperature of the process gas in

the reaction chamber.

10.  The method of Claim 9 including heating the buffer gas before

introducing the buffer gas into the reaction chamber.

11. The method of Claim 9 including heating the buffer gas as the

buffer gas flows along the interior surface.

12.  The method of Claim 1 including heating the interior surface to a
temperature sufficient to promote sublimation of parasitic deposits from the

process gas that deposit on the interior surface.

13.  The method of Claim 1 including inductively heating a susceptor

member adjacent the interior surface to thereby heat the interior surface.

14. The method of Claim 1 wherein the step of flowing the buffer gas
includes flowing the buffer gas through the reaction chamber at a velocity of at

least about 1 m/s.
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15.  The method of Claim 14 wherein the step of flowing the buffer gas
includes flowing the buffer gas through the reaction chamber at a velocity of

between about 5 and 100 m/s

16.  The method of Claim 1 wherein the buffer gas comprises a noble

gas.

17.  The method of Claim 16 wherein the noble gas is selected from the

group consisting of argon, helium, neon, krypton, radon, and xenon.

18. The method of Claim 1 wherein the buffer gas comprises Ho, Na,
NH; and/or air.

19.  The method of Claim 1 wherein the buffer gas includes an active
material capable of chemically inhibiting the deposition of parasitic deposits on the
interior surface and/or removing parasitic deposits from the interior surface.

20. The method of Claim 19 wherein the active material includes an

etchant.

21. The method of Claim 20 wherein the etchant includes at least one of

HCl, Cl, and a carbon-containing gas.

22 The method of Claim 1 wherein the deposition system is a chemical

vapor deposition (CVD) system.

73, The method of Claim 22 wherein the deposition system is a hotwall
CVD system.

24. The method of Claim 1 wherein the substrate is a semiconductor

substrate.
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25.  The method of Claim 24 wherein the substrate comprises a material
selected from the group consisting of SiC, sapphire, a Group III nitride, silicon,

germanium, and 11I-V and II-VI compounds and interalloys.

26.  The method of Claim 1 wherein the process gas comprises a reagent
selected from the group consisting of SiHs, C3Hs, C,Ha, Si,Hs, SiCly, SiH,Cly,
SiCl3(CH3), NH;, trimethyl gallium, and trimethyl aluminum.

27.  The method of Claim 1 wherein the process gas is adapted to
deposit onto the substrate a layer of material selected from the group consisting of
SiC, a Group III nitride, silicon, germanium, and III-V and II-VI compounds and

interalloys.

28. A deposition system for depositing a film on a substrate using a
process gas, the deposition system comprising:

a) a reaction chamber adapted to receive the substrate and the
process gas;

b) an interior surface contiguous with the reaction chamber;
and

c) a buffer gas supply system adapted to supply a flow ofa
buffer gas between the interior surface and at least a portion of the process
gas such that the flow of the buffer gas forms a gas barrier layer to inhibit
contact between the interior surface and components of the process gas

when the process gas is disposed in the reaction chamber.

29. The system of Claim 28 wherein the buffer gas supply system is

adapted to flow the buffer gas along the interior surface.

30. The system of Claim 28 including a process gas supply system to

supply a flow of the process gas to the reaction chamber.

31. The system of Claim 30 wherein:
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the process gas supply system is adapted to supply the flow of the
process gas through the reaction chamber in a flow direction; and
the buffer gas supply system is adapted to flow the buffer gas

through the reaction chamber in the flow direction.

32. The method of Claim 31 wherein the b_uffer gas supply system and
the process gas supply system are adapted to flow the buffer gas and the process

gas through the reaction chamber at substantially the same velocity.

33. The system of Claim 30 wherein the buffer gas supply system and
the process gas supply system are adapted to introduce both the buffer gas and the
process gas into the reaction chamber at substantially the same location along the
flow direction so as to inhibit turbulence in and between the buffer gas flow and

the process gas flow.

34.  The system of Claim 30 including a process gas inlet to supply the
process gas to the reaction chamber, wherein:
the process gas inlet has a smaller cross-sectional area than a cross-
sectional area of the reaction chamber so as to define a buffer gas region in
the reaction chamber; and
the buffer gas supply system is adapted to flow the buffer gas into
the buffer gas region.

35. The system of Claim 28 wherein the buffer gas supply system 1s
adapted to provide a substantially laminar flow of the buffer gas along the interior

surface.

36.  The system of Claim 28 wherein the interior surface is a ceiling

surface of the reaction chamber.

37.  The system of Claim 28 adapted to provide the buffer gas to the
reaction chamber at a temperature greater than a temperature of the process gas in

the reaction chamber.
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38.  The system of Claim 37 wherein the buffer gas supply system is
adapted to heat the buffer gas before introducing the buffer gas into the reaction

chamber.

39.  The system of Claim 37 adapted to heat the buffer gas as the buffer

gas flows along the interior surface.

40.  The system of Claim 28 adapted to heat the interior surface to a
temperature sufficient to promote sublimation of parasitic deposits from the

process gas that deposit on the interior surface.

41.  The system of Claim 28 wherein the buffer gas supply system is
adapted to flow the buffer gas through the reaction chamber at a velocity of at least
about 1 m/s.

42.  The system of Claim 41 wherein the buffer gas supply system is
adapted to flow the buffer gas through the reaction chamber at a velocity of

between about 5 and 100 m/s.

43. The system of Claim 28 wherein the buffer gas supply system
includes a supply of buffer gas.

44. The system of Claim 43 wherein the buffer gas comprises a noble

gas.

45.  The system of Claim 44 wherein the noble gas is selected from the

group consisting of argon, helium, neon, krypton, radon, and xenon.

46.  The system of Claim 43 wherein the buffer gas comprises Hp, Na,
NH; and/or air.
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47. The system of Claim 43 wherein the buffer gas includes an active
material capable of chemically inhibiting the deposition of parasitic deposits on the

interior surface and/or removing parasitic deposits from the interior surface.

48. The system of Claim 47 wherein the active material includes an

etchant.

49. The system of Claim 48 wherein the etchant includes at least one of

HCI, Cl; and a carbon-containing gas.

50.  The system of Claim 28 wherein the system is a chemical vapor

deposition (CVD) system.

51. The system of Claim 50 wherein the system is a hotwall CVD

system.

52.  The system of Claim 28 adapted to heat the interior surface to a
higher temperature than a second surface that is adapted to contact the process gas -~

when the process gas is disposed in the reaction chamber.

53. The system of Claim 52 wherein the second surface comprises a
first material and the interior surface comprises a second material, the second

material having a lower emissivity than the first material.

54. The system of Claim 53 wherein the second surface is formed of

SiC and the interior surface is formed of a metal carbide.

55. The system of Claim 54 wherein the second surface is formed of at
least one of TaC and NbC.
56. The system of Claim 53 including at least one susceptor member

responsive to an eddy current to heat each of the interior surface and the second

surface.
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57. A deposition control system for controlling parasitic depositsina
deposition system for depositing a film on a substrate, the deposition system of the
type defining a reaction chamber for receiving the substrate and including a
| process gas in the reaction chamber and an interior surface contiguous with the
reaction chamber, the deposition control system comprising:

a buffer gas supply system adapted to provide a flow of a buffer gas
between the interiqr surface and at least a portion of the process gas such
that the flow of the buffer gas forms a gas barrier layer to inhibit contact

between the interior surface and components of the process gas.

58. A deposition system for depositing a film on a substrate, the

deposition system comprising:

a) a reaction chamber adapted to receive the substrate;

b) an interior surface contiguous with the reaction chamber;
c) a process gas disposed within the reaction chamber; and

d) a flow of a buffer gas disposed between the interior surface

-and at least a portion of the process gas, the flow of the buffer gas forming
a gas barrier layer to inhibit contact between the interior surface and

components of the process gas.

59. A susceptor assembly for depositing a film on a substrate using a
process gas and a buffer gas each flowed in a flow direction, the susceptor
assembly comprising at least one susceptor member defining:

a) a reaction chamber adapted to receive the substrate and
having a buffer gas region to receive the buffer gas, the reaction chamber
having a first cross-sectional area perpendicular to the flow direction; and

b) a process gas inlet having a second cross-sectional area
perpendicular to the flow direction, the second cross-sectional area being
less than the first cross-sectional area; and

c) a buffer gas inlet adjacent the process gas inlet and adapted

to direct the buffer gas into the buffer gas region of the reaction chamber.
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60.  The susceptor assembly of Claim 59 wherein:

the buffer gas region has a third cross-sectional area perpendicular
to the flow direction; and

the third cross-sectional area and the second cross-sectional area
have a combined cross-sectional area that is substantially the same as the

first cross-sectional area.

61. The susceptor assembly of Claim 59 wherein the at least one
susceptor member includes a step portion and the buffer gas inlet is formed in the

step portion.

62.  The susceptor assembly of Claim 59 wherein the reaction chamber
has a length extending along the flow direction and the cross-sectional area of the
reaction chamber is substantially uniform along substantially the entirety of the

length of the reaction chamber.
63. The susceptor assembly of Claim 59 wherein the reaction chamber

has a length extending along the flow direction and the cross-sectional area of the

reaction chamber is non-uniform along the length of the reaction chamber.
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METHODS AND APPARATUS FOR CONTROLLING FORMATION OF
DEPOSITS IN A DEPOSITION SYSTEM AND DEPOSITION SYSTEMS
AND METHODS INCLUDING THE SAME

Abstract

Parasitic deposits are controlled in a deposition system for depositing a film
on a substrate, the deposition system of the type defining a reaction chamber for
receiving the substrate and including a process gas in the reaction chamber and an
interior surface contiguous with the reaction chamber. Such control is provided by
flowing a buffer gas between the interior surface and at least a portion of the
process gas to form a gas barrier layer such that the gas barrier layer inhibits
contact between the interior surface and components of the process gas. A
deposition system for depositing a film on a substrate using a process gas includes
a reaction chamber adapted to receive the substrate and the process gas. The
system further includes an interior surface contiguous with the reaction chamber.
A buffer gas supply system is adapted to supply a flow of a buffer gas between the
interior surface and at least a portion of the process gas such that the flow of the
buffer gas forms a gas barrier layer to inhibit contact between the interior surface
and components of the process gas when the process gas is disposed in the reaction

chamber.
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METHOD TO REDUCE STACKING FAULT NUCLEATION SITES AND
REDUCE Vg DRIFT IN BIPOLAR DEVICES

FEDERAL RESEARCH STATEMENT

[0001] This invention was developed under government contract No. N00014-02-C-0302.
The U.S. Government has a paid-up license in this invention and the right in limited
circumstances to require the patent owner to license others on reasonable terms as provided
for by the terms of contract No. N00014-02-C-0302 awarded by the Defense Advanced
Rescarch Projects Agency (“DARPA”).

RELATED APPLICATIONS
[0002] This is a continuation-in-part of Serial No. 10/605,312 filed September 22, 2003 and
now U.S, Patent No.

BACKGROUND
[0003] The present invention relates to increasing the quality and desired properties of
semiconductor materials used in electronic devices, particularly power electronic devices. In
particular, the invention relates to an improved process for minimizing crystal defects in
silicon carbide, and the résulting improved structures and devices. The present invention is
related to the subject matter disclosed and claimed in commonly assigned U.S. Patent No.

6,849,874; the contents of which are incorporated entirely herein by reference.

OO0

[0004] Silicon Carbide — e
[0005] Silicon carbide (SiC) has emerged over the last two decades as an appropriate
candidate semiconductor material that offers a number of advantages over both silicon and
gallium arsenide. In particular, silicon carbide has a wide bandgap, a high breakdown

electric field, a high thermal conductivity, a high saturated electron drift velocity, and is
physically extremely robust. In particular, silicon carbide has an extremely high melting
point and is one of the hardest known materials in the world.

[0006] Because of its physical properties, however, silicon carbide is also relatively difficult
to produce. Because silicon carbide can grow in many polytypes, it is difficult to grow into

large single crystals. The high temperatures required to grow silicon carbide also make



control of impurity levels (including dopihg) relatively difficult, and likewise raise
difficulties in the production of thin films (e.g. epitaxial layers). Because of its hardness, the
traditional steps of slicing and polishing semiconductor wafers are more difficult with silicon
carbide. Similarly, its resistance to chemical attack make it difficult to etch in conventional
fashion.

[0007] In particular, silicon carbide can form over 150 polytypes, many of which are
separated by relatively small thermodynamic differences. As a result, growing single crystal
substrates and high quality epitaxial layers (“epilayers™) in silicon carbide has been, and
remains, a difficult task.

[0008] Nevertheless, based on a great deal of research and discovery in this particular field,
including that carried out by the assignee of the present invention, a number of advances
have been made in the gréw”th of silicon carbide and its fabrication into useful devices.
Accordingly, commercial devices are now available that incorporate silicon carbide to
produce blue and green light emitting diodes, as a substrate for other useful semiconductors
such as the Group III nitrides, for high-power radio frequency (RF) and microwave
applications, and for other high-power, high-voltage applications.

[0009] As the success of silicon-carbide technology has increased the availability of certain
SiC-based devices, particular aspects of those devices have become more apparent. In
particular, it has been observed that the forward voltage (also referred to as “forward bias”)

of silicon carbide-based bipolar devices tends to increase noticeably during operation of

those devices. For a number of reasons, such furctional problens in senticonductordevices
can often result from defects in the crystal structure of the material from which the devices
are formed.

[0010] Crystallographic Defects

[0011] At the most basic level, structural crystallographic defects fall into four categories:
point defects, line defects, planar defects and three dimensional defects. Point defects
include vacancies, line defects include dislocations, planar defects include stacking faults and
three-dimensional defects include polytype inclusions.

[0012] A dislocation is a kind of structural imperfection that extends for many unit cell

lengths throughout a crystal. A more definite description of dislocation classifies them as



screw and edge dislocations. As recognized by those persons skilled in this art, a
symmetrical path followed from atom to atom (or from ion to ion) in a real crystal that
returns upon itself, it is referred to as a Burgers circuit. If the same path in the lattice that
typifies the structure does not return upon itself, so that the beginning and end do not lie on
the same atom, then the Burgers circuit encloses one or more dislocations. The vector that
completes the closed circuit in the lattice is referred to as the Burgers vector and measures
the magnitude and direction of the dislocation.

[0013] If the Burgers vector is parallel to the line that locates the dislocation, the defect is
referred to as a screw dislocation. Alternatively, if the Burgers vector is perpendicular to the
dislocation, it is referred to as an edge dislocation. The simplest version of an edge
dislocation is an incomplete plane of atoms or ions interleaved between two normal planes in
a manner somewhat analogous to an extra card inserted halfway into a deck. On one side of
the dislocation line, fhe planes separate to make room for the extra layer; on the other side the
planes compress due to the absent layer.

[0014] Screw dislocations are not necessarily disadvantageous and, in fact, can be
particularly important for the growth of a crystal face. A screw dislocation always presents
one edge that is one or a few atoms high. At this edge, continued growth of the crystal is
relatively easy. Dislocations, however, allow plastic flow to occur in a crystal relatively
easily. In a limited region, the dislocation line created by the dislocation may be almost a

straight line. Any plane that contains the Burgers vector and a segment of the dislocation

T T T Iine 1S referred to as a ‘§1ippedﬁm@"%—"ﬁhe—edge‘d‘rslmaﬁmrmoves*re*l'a*tive'ly‘easi"l'y"thrO"H"gh‘*

the crystal because motion in the slipped plane involves only a slight displacement of the
structural elements. ‘Stated differently, the slipped planes provide a low-energy intermediate
state by which a crystal can be reorganized.

[0015] Defects in Silicon Carbide

[0016] In silicon carbide power devices, the availability of such relatively low-energy
intermediate state encourages faults to continue to grow as the operation of the device
provides the relatively small amount of energy necessary for the crystal reorganization.
[0017] Commercial quality SiC wafers and epilayers include both screw and edge

dislocations. These dislocations can be further grouped by their alignment within the crystal.



Those dislocations that propagate along the c-axis are called threading dislocations, while
dislocations that lie within the c-plane are termed basal plane dislocations. In general, in
SiC, it is energetically favorable that basal plane dislocations préferentially decompose into

partial dislocations via the mechanism described below:

1/3<112 0> — 1/3<10T 0>+ 1/3<011 0> Equation 1

[0018] The above decomposition reaction describes the decomposition of a basal plane
dislocation into two Shockley partial dislocations. The line defects generated during the
above decomposition will bound a planar stacking fault defect. In fact, partial dislocations
will bind the entire perimeter of the stacking fault unless the stacking fault reaches a free
surface. This stacking fault will be electrically active in bipolar devices and during forward
operation, the electron-hole plasma will be reduced in the vicinity of the stacking fault. The
reduced plasma density will increase the forward voltage (Vy) of the device. A further
complication is that through dislocation enhanced dislocation glide, the stacking fault may
continue to expand during forward operation of the device. This behavior is a substantial
barrier to device exploitation because it results in devices with functional properties that can
change unpredictably during operation.

[0019] Stated differently, the application of electric current through a silicon carbide bipolar
device tends to initiate or propagate (or both) changes in the crystal structure. As noted

above, many SiC polytypes are in close thermodynamic proximity, and solid phase

transformations are quite possible. When the stacking faults progress too extensively, they
tend to cause the forward voltage to increase in an undesirable manner that can prevent the
device from operating as precisely as required or desired in many applications.

[0020] In some conventions, dislocation density is described by centimeters of dislocation
length per cubic centimeter of material, and thus report dislocation density units of per square
centimeter (cm’z). In another convention (and as used herein) the off-axis orientation of 4H-
SiC substrates for SiC epilayer growth and the common etch technique used to detect
dislocations make it more convenient to use etch pit density (also in the units of cm™), to
describe dislocation densities in SiC. Those of skill in this art will thus recognize that for a

given dislocation density expressed as cm/cm’, one could get a very different dislocation pit



density when expressed as pits/ cm” depending on the typical dislocation configuration and
the off-axis angle of the substrate. Therefore, although the two numbers will have the same
net units (cm'z), they do not necessarily indicate the same actual dislocation density. For the
sake of clarity and consistency, in this disclosure, dislocation density will only be described
as the density of specific pits delineated on an etched epi-surface of a silicon face prepared,
8° off-axis (0001) oriented substrate.

[0021] Present commerciaﬂy available 4H-SiC substrates have approximately 1E3 to 1ES
(103-105 ) dislocations per cm? by the convention used herein. This includes threading screw
and edge dislocations, micropipes and basal plane dislocations. Figure 1 is a micrograph of
KOH-etched epilayer surface revealing various common types of dislocation pits (the exact
nature of which are set forth in the Detailed Description). All types of dislocations can
impact device performance, but the basal plane dislocation is particularly implicated as being
the prevalent nucleation site of the stacking faults that cause Vr drift.

[0022] In turn, defects in the substrate are often replicated in epitaxial layers grown on such
substrates, thus making substrate crystal quality an important factor with respect to the
quality and performance of ;resulting devices.

[0023] Conventional substrate preparation and epilayer growth practices will fairly
effectively reduce the density of basal plane dislocations from 1E3- 1E4 cm’ in the substrate
to about 400 cm™ in the epilayer. This reduction in dislocation density is accomplished via
changes in both the substrate preparation and the epilayer growth operations.

T *TOUZYIP]ABEEWSTCWWWW, preparing a typical substrate requires fairly —

aggressive sawing, lapping and polishing operations. These steps all generate sub-surface
damage including enormous numbers of dislocations, including basal plane dislocations. To
remove this damaged region, in practice, a less aggressive final preparation, such as chemical
mechanical polishing (CMP) or a dry etch is employed after wafer shaping to remove sub-
surface damage. The inventors herein have observed, however, that in many cases sub-
surface damage propagates several microns beyond the depth removed by such conventional
final surface preparation. In particular, and without wishing to be bound by any particular
theory, it is hypothesized (but not yet confirmed) that damage from the sawing operation is

the predominant cause of the residual damage.



[0025] Accordingly, continued improvement in the structure and operation of SiC-based
bipolar devices will require continued improvements in the underlying substrates and their

crystal structures.

Summary of the Invention

[0026] The invention is a method of preparing a substrate for reducing stacking fault
nucleation and reducing forward voltage (V) drift in silicon carbide-based bipolar devices.
The method includes the steps of conducting a first non-selective etch on the surface of a
silicon carbide substrate to remove both surface and subsurface damage; thereafter
conducting a selective etch on the same surface sufficient to delineate the intersection of
basal plane dislocations with the wafer surface and that will thereafter tend to propagate into
epilayers as threading defects while avoiding creating beta (3C) inclusions and carrot defects;
growing an epitaxial layer on the selectively etched substrate surface to a thickness greater
than that of the typical threading etch pit depth in the selectively-etched surface to thereby
provide the epitaxial layer with a sufficient thickness to support additional polishing and
etching steps above the substrate; polishing away a sufficient portion of the epitaxial layer to
remove the material containing the etched pits to thereby provide a surface with fewer etched
pits than the surface of the selectively-etched substrate; and conducting a second non-
selective etch of the epilayer sufficient to remove subsurface damage from the step of
polishing the epitaxial layer but without reaching the underlying substrate, to thereby reduce
— = —— ———thenumberof subsurface defectsthat canpropagate stacking faultsunder forward-voltage in—
a device formed on the substrate and the polished epilayer.
[0027] The foregoing and other objects and advantages of the invention and the manner in
which the same are accomplished will become clearer based on the followed detailed

description taken in conjunction with the accompanying drawings.

Brief Description of the Drawings

[0028] Figure 1 is a photograph of the surface of a SiC substrate following an etch in molten
KOH.
[0029] Figure 2 is a photograph of a carrot defect on a SiC surface.



[0030] Figure 3 is a photograph of the same carrot defect following an etch in molten KOH.
[0031] Figure 4 is a photograph of a SiC surface that has been etched from Si droplets that
formed during epilayer growth.

[0032] Figure 5 is a schematic diagram of the influence of a KOH etch on the propagétion of
basal plane defects. |

[0033] Figure 6 is a plot of basal plane dislocation density versus surface preparation

technique.

Detailed Description

[0034] The invention is a method of preparing a substrate for reducing stacking fault
nucleation and reducing forward voltage (Vy) drift in silicon carbide-based bipolar devices.
[0035] In a first embodiment the nﬁethod initially comprises conducting a non-selective etch,
preferably a dry etch, most preferably a réactiv¢ ion etch (RIE), on the surface of a silicon
carbide substrate to remove both surface and subsurface damage that typically results from
the sawing and lapping of the extremely hard SiC material. As known to those familiar with
the manufacture of electronic devices, a nonselective etch removes all material at an equal
rate. A selective etch removes specific materials—e.g. damaged, n-type, p-type—more
quickly than the other materials. Exemplary, but not limiting, techniques for dry etching of
silicon carbide are set forth in U.S. Patents No. 4,865,685 and its sibling No. 4,981,551 the

contents of which are incbrporated entirely herein by reference. Other techniques and

chemistries for carrying out the sefective and non=selective etches described herein-are——- -
generally well-recognized in the art and will not be described in detail herein other than to
illustrate embodiments of the invention.

[0036] The term “substrate” is used herein in a sense that is broad enough to include both a
bulk single crystal (usually cut from a boule) as well as a device precursor structure that can
include one or more epitaxial. layers, but which fundamentally (although not necessarily
exclusively) serves as the physical and electronic support for a device formed thereon.

[0037] Similarly, the terms “dry etch” and “wet etch,” are often used to refer to reactive ion

or plasma etches (“dry”) or to etches in molten salts or other solutions (“wet”).



[0038] In a preferred embodiment, the initial non-selective etch is carried out to a depth of
approximately five microns. A standard etch, by way of comparison, only removes about
one micron of material, because a more extensive RIE etch may tend to create a large number
of auto-masking defects and pits on the wafer.

[0039] Following the nonselective etch, the method comprises conducﬁng a selective etch on
the same surface sufficient to reveal the etch pits of basal plane dislocations while avoiding
creating beta (i.e., the 3C polytype) inclusions and carrot defects in subsequent epilayer
growth. In preferred embodiments the selective etch is carried out with a molten salt, with
molten potassium hydroxide (KOHyy,) being one such preferred salt. The nature of molten
salt etches is generally well understood by those of skill in this art and will not otherwise be
described in detail. In somewhat simplistic terms, the selective etch is the functional
opposite of crystal growth; i.e., in the same manner that a crystal tends to grow differently at
different structural features, the etch will tend to remove material differently at different
structural features, and thus highlight them.

[0040] The potassium hydroxide etch is typically carried out for between about 20 and 45
minutes at a temperature of about 450° Centigrade. In establishing the time and temperature,
an insufficient KOH etch will not sufficiently reveal basal plane dislocations. Alternatively,
an excessive KOH etching will create 3C (beta) polytype inclusions and carrot defects during
subsequent epilayer growth on the etched surface. In most cases, the temperature of about

450°C keeps the etch appropriately selective. A higher temperature etch tends to become

non-selective and produce an undesired set of resulting broader pits—Forexample, 600°C—
appears to be too high as one empirical upper limit, while the melting point of the etchant
represents the functional lower limit.

[0041] Performing a mild KOH etch of the substrate after the extended dry etch tends to
further reduce the basal plane dislocation density in epilayers that are later grown on the
substrate. This improvement is attributed to the different growth mechanism over the
morphology (etch pit) in the immediate region where the basal plane dislocation intersects

the substrate surface. The KOH etch delineates the basal plane immediately down-step from

the dislocation. As epilayer growth progresses on this surface, there is an enhanced



opportunity for the basal plane dislocation to reorient to a threading dislocation and thereby
reduce the total dislocation length and also reduce the free energy of the crystal.

[0042] Stated differently, the selective etch helps create a morphology that encourages
dislocations that have originated as basal plane dislocations to either terminate or to
thereafter propagate (into epilayers) as threading dislocations. In turn, the threading
dislocations tend to remain unaffected (or at least much less affected) by forward voltage
during operation of resulting devices.

[0043] The selective etch can also be carried out using a eutectic, or near eutectic, etchant;
e.g. of molten KOH and sodium hydroxide (NaOH)

[0044] Controlling two main factors encourages a consistent etch: etch rate and selectivity.
The etch rate is normally expressed in terms such as microns etched per hour. In general,
etch rate increases as etchant temperature increases.

[0045] Selectivity describes how local variations in the sample being etched impacts the
local etch rate. As used herein, selectivity refers to the ratio of the etch rate on the carbon
face of a wafer to the etch rate on the silicon face of the wafer. A similar selectivity, in
response to variations in local crystal strain, is exhibited on a particular face by the extent to
which a distinct etch pit forms at the intersection of a dislocation with the sample surface.
For basal plane dislocation conversion, the shape and size of the etch pit plays a significant
role in the efficacy of the conversion. As is typical with chemical etchants, the selectivity

decreases with increasing etch temperature.

==~~~ ~[0046] For a selective etch used asa pretude to the conversionof basal plane distocations;a—
low etch rate favors repeatability. Because a slower etch rate requires a longer etch time, any
inadvertent variations in the etch time have a proportionally reduced impact. Molten KOH
etching is not as easily performed as most wet etches, and the immersion and removal steps
are cumbersome and hard to standardize. This favors using a lower etch temperature.
[0047] The desire for selectivity also favors using a lower etch temperature. In practice, an
etch temperature of between about 400 and 450 °C works as a good compromise. Lower
temperatures unfavorably approach the freezing point of KOH (about 360 °C) while higher
temperatures (as noted above) lower the resulting selectivity. Additionally as the etchant is

used and becomes more contaminated, the freezing point seems to gradually increase. Asa



result, the etch begins to approach the lower temperature limit, and when the relatively cool
wafers are immersed, some KOH will tend to freeze onto the wafer and create odd etch
artifacts.

[0048] The eutectic etch of KOH and NaOH behaves (etch rate and selectivity) about the
same as pure KOH at a given temperatures. As a benefit, however, the eutectic etch has a
melting (freezing) point of about 170 °C; i.e., within a much more stable realm.

[0049] Although by formal definition, the eutectic of KOH and NaOH is the proportional
combination with the lowest melting point, in practice the actual etchant composition can
differ, either inadvertently or deliberately, for a number of reasoﬁs. For example if one
component of the solution is preferentially depleted, the initial composition may be offset
from the exact eutectic.

[0050] Following the nonselective and selective etches, the method next comprises growing
a semi-sacrificial epitaxial layer, preferably (but not necessarily) of n-type conductivity, on
the selectively etched substrate surface to a thickness much greater (e.g. at least about 50
percent greater) than that of the typical threading dislocation etch pit depth (which are
generally deeper than basél etch pits) in the selectively-etched surface to thereby provide the
epitaxial layer with a sufficient thickness to support additional polishing and etching steps
above the substrate. Once the semi-sacrificial layer is sufficient to support the following
steps, additional thickness offers no extra advantage, and an overly-thick layer adds nothing

other than the need to remove additional material for its own sake. In preferred

CMbDOJIMETts, theTerrﬁ?sacr'rﬁci’abepﬂayeﬁmbout%6-—5—6*mi—crcrn-s—(—p—t)—th—i—ck—ta—p—mv—i—ée at—— -

least about 15 . for polishing removal, about 5 i for additional RIE removal (these steps are
described immediately below) and about 10 p of improved‘material remaining as the desired
epilayer surface.

[0051] Generally--but not necessarily--the substrate will be n-type, because n-type substrates
offer a number of advantages in silicon carbide-based devices, and will have an activated
carrier concentration of about 1E18-1E19 (1 x 10"~ 1 x 10" carriers per cm?). In
comparison to the substrate, the carrier concentration of the epitaxial layer is selected (or
described) in terms of its purpose. “Conductive” layers will typically have a carrier

concentration of 1E18-19. “Blocking” layers will typically have carrier concentrations less
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than 1E16. “Active” layers will have carrier concentrations within these parameters,
depending on the structure or purpose of the end device. Accordingly, although terms such
as n, n+ and n- can be used to describe both substrates and epilayers, such terminology
should be considered in an illustrative rather than a limiting sense.

[0052] In a next step, the method of the invention comprises polishing away a sufficient
portion of the semi-sacrificial epitaxial layer, typically about 15 p, to remove the material
containing the etched pits to thereby provide a surface with fewer pits than the surface of the
original substrate. In preferred embodiments, the polishing can be carried out chemically or
mechanically or both, with such steps being generally well-understood in this art.

[0053] In a final preparation step, the method of the invention thereafter comprises
conducting a second non-selective etch (with RIE being typically preferred) of the semi-
sacrificial epilayer sufficient to remove subsurface damage from the polishing step, but
without reaching the underlying substrate, to thereby reduce the number of subsurface
defects that can propagate stacking faults under forward voltage in a device formed on the
substrate. In a preferred embodiment, the second non-selective etch is used to remove about
5 more microns from the semi-sacrificial layer.

[0054] Because the method of the invention provides a superior surface for epilayer growth,
the method caﬁ further comprise forming a bipolar device by forming a n-type epitaxial layer
above the polished and etched surface of the epitaxial layer, and forming a p-type epitaxial

layer above the polished and etched surface of the epitaxial layer, with a p-n junction

between the n-type and p-type epitaxial tayers. As used herein; the phrase “above”alayer— -
can include forming one layer immediately upon another layer, or on one or more
intermediate layers provided that the intermediate layers do not otherwise interfere with the
layers of interest. Such intermediate layers may be included for various structural or
functional purposes, including providing appropriate buffers and transition layers in a device
or device precursor that do not otherwise affect the basic design of the desired bipolar device.
In this manner, the invention can be advantageously incorporated into any semiconductor
device that experiences Ve drift or performance degradation similar to Ve drift such as

recombination enhanced dislocation glide.
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[0055] In preferred embodiments, preparing a bipolar device includes the steps of etching the
n-type silicon carbide substrate, growing, polishing and etching the semi-sacrificial n+
epitaxial layer on the selectively etched substrate surface, growing an n-type epitaxial layer
above the polished and etched n+ epitaxial layer, and growing a p-type epitaxial layer above
the n-type epitaxial layer, with a p-n junction between the n-type and p-type epitaxial layers.
[0056] The silicon carbide substrate upon which the device is formed can be taken from a
larger crystal (or “boule™), typically by the steps of sawing a silicon carbide substrate wafer
from a silicon carbide boule, and thereafter conducting the nonselective etch on the substrate
wafer. In most circumstances, the sawed substrate wafer is lapped, polished, etched
(typically RIE), and cleaned (with an acid or solvent) prior to conducting the first isotropic
(nonselective) etch of the method of the invention. The term “lapped” is used in its typical
sense; 1.e., to describe the sfeps of flattening the wafer surfaces using a couﬁter—rotating
lapping machine and an abrasive (e.g. diamond) slurry. Lapping helps make the wafer
surfaces parallel and reduces mechanical defects such as saw markings. Similarly, the
polishing etching and cleaning steps are otherwise carried out conventionally prior to the
steps of the present invention.

[0057] The invention advantageously reduces the density of basal plane dislocations in the
epilayer by a factor of at least two orders of magnitude as compared to more conventional
techniques. This reduction in basal plane dislocation density along with the measures

identified to isolate active device regions from the substrate and surface defects discussed in

———~—— previously-incorporated Patent No. 6,849,874 representa maj—omtep~tOﬁ@-mmerc—iaf}izifng—S—i—Gr --
bipolar devices.
[0058] Additional aspects of the invention can be understood with respect to the drawings.
[0059] Figure 1 is a micrograph of the surface of a silicon carbide epitaxial layer etched with
potassium hydroxide (KOH) and revealing various common types of dislocation pits. As set
forth elsewhere herein, many types of dislocations can impact device performance, but the
basal plane dislocations are particularly implicated as being the prevalent nucleation site of
the stacking faults that cause the undesired drift under forward bias. In Figure 1, several (but
not necessarily all) of the basal plane dislocation etch pits are designated at 10. A micropipe

is designated at 11, a threading screw dislocation at 12, and threading edge dislocations at 13.
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The basal plane dislocation etch pits are in part identified by having a generally oval shape
with one frequently faceted edge, with the deepest part of the pit being visible nearest to the
faceted edge. The micropipe 11 is identified by its generally larger size and its hexagonal
geometry characteristic of the crystal packing structure of silicon carbide. The threading
screw dislocations are identified with the deepest portion being at or near the center of the
pit. Because the photographed surface has an 8° off-axis orientation with respect to the basal
plane, the etch pit bottoms in Figure 1 appear slightly off-center.
[0060] Figure 2 illustrates a carrot defect 14 (identified by its characteristic shape, from
which it derives its name) on the surface of the silicon carbide epitaxial layer. Figure 3isa
photograph of the surface of Figure 2, foﬂowing the potassium hydroxide etch and showing
the manner in which the etch delineates the carrot defect along with the basal plane
dislocations, the threading screws and the threading edge dislocations. |
[0061] Figure 3 illustrates the same surface as Figure 2, but after a KOH etch of the type
used and described herein has developed pits corresponding to the carrot defect, as well as to
basal plane and threading screw and threading edge dislocations.
[0062] Figure 4 illustrates a plurality of etched portions 15 on the surface of a silicon carbide
epitaxial layer that form when silicon droplets etch the silicon carbide surface during
epitaxial layer growth.
[0063] Figure 5 schematically illustrates the manner in which the selective etch can
favorably influence the propagation of basal plane defects into threading dislocations. In
-——-—————Figure 5; the surface of @ substrate 19-is-designated-at 20-and-a-basal-plane-is-designated at—
21, and is off axis (8" in preferred embodiments) from the substrate surface 20 for other
favorable growth purposes. Individual layers of atoms in the crystal are designated at 23.
During epitaxial growth, “adatoms” (those atoms from the source gases that form the
growing crystal) represented by the arrows 24 diffuse across the substrate surface 20 and add
to the available sites on the crystal surface. Because the crystal is oriented 8 © off-axis, atoms
moving from right to left tend to add to the crystal more easily and frequently than those
moving from left to right. ,
[0064] When the substrate 19 is etched and an etch pit (designated at 25) develops from a

basal plane dislocation, the resulting morphology creates an even greater tendency for
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diffusing adatoms to add as they move from right to left and an even smaller tendency for
them to add if moving from left to right. The resulting growth tends to favor a threading
structure rather than a planar defect and such threading structures, as noted previously,
appear to have little or no negative effect when a bias is applied to a resulting device.

[0065] Figure 6 presents some characteristic data from the basal plane dislocation reduction
work, and plots basal plane dislocation density (as described earlier in pits—cm'z) on a
logarithmic Y-axis against the progressive preparation techniques for three-inch wafers along
the X-axis. As set forth therein, a typical substrate includes about 10%-10° em™ dislocations,
following which growing an epitaxial layer reduces the density by about an order of
magnitude (to about 10%-10° cm™). Using either RIE or a molten KOH etch (but not both),
the density can be reduced by about another order of magnitude (about 40-50 cm™ in Figure
6), but neither RIE nor KOH shows a significant improvement over the other. Using the
invention, however, the dislocation density can be reduced by yet another order of
magnitude, i.e., to about 4-5 cm™ for the data reported in Figure 6.

[0066] In order to take further advantage of the defect reduction in the substrate, the growth
conditions for later (e.g. device) epilayers can be optimized to enhance the likelihood that the
basal plane dislocations will become threading dislocations. Principally, this involves
adjusting pre-etch, starting growth rate, and stoichiometry to generate a facile environment

for dislocation turning.

[0067] Lastly, it is also possible to generate dislocation loops during epilayer growth. These

Toops can contain sections where the distocationexhibits-a-basal-character-and-these toep—— -~ -

segments can decompose into Shockley partials and generate stacking faults. Epilayer
growth conditions must be employed such that the loops do not form. In practice this means
maintaining adequate surface mobility of adatoms (via sufficient temperature and
stoichiometry) such that there is sufficient time to accommodate impinging material properly
into the crystal before the additional depositing layers lock the previously deposited material
in place.

[0068] The invention focuses on the behavior of a class of dislocations that historically have
not been well addressed in SiC epilayer growth technology. The extended etches differ

substantially from conventional practice. KOH etching or selectively etching the substrate
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prior to epilayer growth is very atypical. Ramping of growth rate is also unusual especially
because doping and crystél quality control become problematic during the ramp. However
these unusual steps offer the opportunity to dramatically reduce Vy drift as a technology
limiting issue. The impact of these steps on device properties other than Vy drift remains to
be evaluated.

[0069] The removal of damaged material by the extended dry etch can be accomplished by
numerous other approaches. Sputtering, ion-milling, wet etching and CMP are some obvious
alternatives. Further, refinements in the wafer shaping and polishing processes may reduce
or eliminate the need for sub-surface damage removal.

[0070] The selective KOH etch may also be replaced by another etch technique or may be
incorporated into final surface preparation steps or into an in-situ pre-epilayer growth
treatment.

[0071] The approach can be of value for the production of any semiconductor device which
experiences VT drift or performance degradation similar to V{ drift such as recombination
enhanced dislocation glide. |

[0072] The techniques referred to herein are, taken individually, generally well-recognized
and well-understood in the art and can be practiced without undue experimentation. Single
crystal silicon carbide wafers of the type preferably used as starting structures herein are
commercially available from Cree, Inc: 4600 Silicon Drive, Durham, North Carolina 27706.

The growth of silicon carbide epitaxial layers can be carried out using techniques such as

those set forth in U.STPatentsnumbersﬂﬁlﬂt%Sfélﬁ*l%G64—;~5,65/19;1—53;-&1161—6;%9—7—,5—2—2—.~- Dry-—— -

and electrolytic etching of silicon carbide are described in U.S. Patents numbers 6,034,001;
5,571,374; 5,227,034; 4,981,551; and 4,865,685. The use of molten potassium hydroxide as
an etchant to identify and characterize a semiconductor surface is well-understood, and
includes versions expressed as ASTM standards (e.g. ASTM F1404.92). Cutting, mechanical
polishing and lapping of substrate wafers are also entirely conventional in this art.

[0073] In the drawings and specification there has been set forth a preferred embodiment of
the invention, and although specific terms have been employed, they are used in a generic
and descriptive sense only and not for purposes of limitation, the scope of the invention being

defined in the claims.
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Claims

1. A method of preparing a substrate for reducing stacking fault nucleation and
reducing forward voltage (Vy) drift in silicon carbide-based bipolar devices, the method
comprising:

conducting a selective etch on the surface of a silicon carbide substrate sufficient to
delineate the basal plane dislocations with the wafer surface and that will thereafter tend to
terminate or to propagate as threading defects while avoiding creating beta (3C) inclusions
and carrot defects;

growing a conductive epitaxial layer on the selectively etched substrate surface to a
thickness greater than that of the typical threading dislocation etch pit depth in the
selectively-etched surface to thereby provide the epitaxial layer with a sufficient thickness to
support additional pblishing and etching steps above the substrate;

polishing away a sufficient portion of the conductive epitaxial layer to remove the
material containing the etched pits to thereby provide a surface with fewer etched pits than
the surface of the selectively-etched substrate; and

thereafter conducting a non-selective etch of the epilayer sufficient to remove
subsurface damage from the step of polishing the epitaxial layer but without reaching the
underlying substrate, to thereby reduce the number of subsurface defects that can propagate
stacking faults under forward voltage in a device formed on the substrate and the polished
epilayer. |
2. A substrate-preparation method according to Claim 1 comprising selectively

etching the surface with a molten salt.

3. A substrate-preparation method according to Claim 2 comprising etching the
surface with a molten salt selected from the group consisting of potassium hydroxide,
mixtures of potassium hydroxide and sodium hydroxide, and a eutectic mixture of potassium

hydroxide and sodium hydroxide.
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4. A substrate-preparation method according to Claim 1 further comprising forming a
bipolar device by: | _

forming a n-type epitaxial layer above the polished and etched surface of the epitaxial
layer; and

forming a p-type epitaxial layer above the polished and etched surface of the epitaxial

layer, with a p-n junction between the n-type and p-type epitaxial layers.

5. A device-preparation method according to Claim 4 comprising:

etching an n-type silicon carbide substrate;

growing, polishing and etching an n-type epitaxial layer on the selectively etched
substrate surface;

growing another n-type epitaxial Jayer above the polished and etched epitaxial layer;
and

growing a p-type epitaxial layer above the n-type epitaxial layer, with a p-n junction

between the n-type and p-type epitaxial layers.

6. A method according to Claim 1 comprising growing a first device epitaxial layer

immediately on the surface prepared by the non-selective etch.

7. A method according to Claim 1 comprising etching a single crystal silicon carbide

- ~ substrate having a polytype selected fromr the 3C; 4H;-6H and 1 5Rpolytypes of silicon - - -

carbide.

8. A method of preparing a substrate and epilayer for reducing stacking fault
nucleation and reducing forward voltage (V¢ drift in silicon carbide-based bipolar devices,
the method comprising:

selectively etching the surface of a silicon carbide substrate to thereby develop etch-
generated structures from at least any basal plane dislocations on the substrate that will
thereafter tend to either terminate or to propagate as threading dislocations during subsequent

epilayer growth on the substrate surface; and thereafter
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growing a first epitaxial layer of silicon carbide on the selectively-etched surface.

9. A method according to Claim 8 comprising etching the surface with a molten salt

as the selective etch.

10. A method according to Claim 9 comprising etching the surface with a molten salt
selected from the group consisting of potassium hydroxide, mixtures of potassium hydroxide

and sodium hydroxide, and a eutectic mixture of potassium hydroxide and sodium hydroxide.

11. A method according to Claim 8 comprising growing a conductive epitaxial layer

on the selectively-etched surface.

12. A method according to Claim 10 comprising growing an n-type epitaxial layer on

the selectively-etched surface.

13. A method according to Claim 8 comprising growing a second conductive
epilayer above the first conductive epilayer and having the opposite conductivity type from

the first conductive epilayer.

14. A method according to Claim 8 wherein the step of growing the first epitaxial
- layer-comprisesforming ‘a-semi-saerificial-epitaxial layer-on-the selectively etched surface to- -
encourage the etched basal plane defects to reorient during subsequent growth into threaded
defects;

and further comprising the steps of:

polishing the etched semi-sacrificial epitaxial layer to reduce etch pits; and

etching the polished semi-sacrificial epitaxial layer to remove subsurface damage
from the step of polishing the epitaxial layer but without reaching the underlying substrate, to
thereby reduce the number of subsurface defects that can propagate stacking faults under
forward voltage in a device formed on the substrate and the polished epilayer;

all prior to forming the first epitaxial layer.
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15. A method according to Claim 14 comprising forming the semi-sacrificial layer by

chemical vapor deposition.

16. A method according to Claim 14 comprising polishing the etched semi-sacrificial

epitaxial layer using a chemical-mechanical process.

17. A method according to Claim 14 comprising etching the polished semi-sacrificial

epitaxial layer using a dry etch.

18. A method according to Claim 17 comprising etching the polished semi-sacrificial

epitaxial layer using a reactive ion etch.

19. A method of preparing a substrate and epilayer for reducing stacking fault
nucleation and reducing forward voltage (V) drift in silicon carbide-based bipolar devices,
the method comprising:

selectively etching the surface of a silicon carbide substrate from which surface and
subsurface damage have been removed to thereby develop etch-generated structures from at
least any basal plane dislocations on the substrate that will thereafter tend to either terminate

or to propagate as threading dislocations during subsequent epilayer growth on the substrate

T surface;*and—*thefeafter* T Tt Tt T T T T T T T T T T e S s s s

growing a first conductive epitaxial layer of silicon carbide on the selectively-etched

surface.

20. A method according to Claim 19 comprising selectively etching the surface with

a molten salt.

21. A substrate-preparation method according to Claim 20 comprising etching the

surface with a molten salt selected from the group consisting of potassium hydroxide,
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mixtures of potassium hydroxide and sodium hydroxide, and a eutectic mixture of potassium

hydroxide and sodium hydroxide.
22. A method according to Claim 19 comprising growing a second conductive

epilayer above the first conductive epilayer and having the opposite conductivity type from

the first conductive epilayer.
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METHOD TO REDUCE STACKING FAULT NUCLEATION SITES AND
REDUCE Vg DRIFT IN BIPOLAR DEVICES
ABSTRACT

A method is disclosed for preparing a substrate and epilayer for reducing stacking
fault nucleation and reducing forward voltage (Vy) drift in silicon carbide-based bipolar
devices. The method includes the steps of etching the surface of a silicon carbide substrate
with a nonselective etch to remove both surface and subsurface damage, thereafter etching
the same surface with a selective etch to thereby develop etch-generated structures from at
least any basal plane dislocation reaching the substrate surface that will thereafter tend to
either terminate or propagate as threading defects during subsequent epilayer growth on the
substrate surface, and thereafter growing a first epitaxial layer of silicon carbide on the twice-

etched surface.

SAFIRM DOCS\S000\319US2\P0319US2_Spec.doc
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Attorney Docket No. 5308-395

REDUCTION OF CARROT DEFECTS IN SILICON CARBIDE EPITAXY

Statement of Government Support

The present invention was made, at least in part, with government support
under Office of Naval Research Contract No. N00014-02-C-0302. The United States

government has certain rights to this invention.

Field of the Invention

The present invention relates to epitaxial deposition processes and, more
particularly, to methods for depositing an epitaxial film of silicon carbide on a

substrate and resulting epitaxial structures.

Background of the Invention

Deposition systems and methods are commonly used to form layers of
semiconductor materials, such as thin epitaxial films, on substrates. For example, a
chemical vapor deposition (CVD) reactor system and process may be used to form a
layer of semiconductor material such as silicon carbide (SiC) on a substrate. CVD
processes may be particularly effective for forming layers with controlled properties,
thicknesses, and/or arrangements such as epitaxial layers. Typically, in a deposition
system, such as a CVD system, the substrate is placed in a reaction chamber within a
susceptor and one or more process gases including reagents or reactants to be
deposited on the substrate are introduced into the chamber adjacent the substrate. The
process gases may be flowed through the reaction chamber in order to provide a
uniform or controlled concentration of the reagents or reactants to the substrate.

A deposition system, such as a CVD reactor, may be used to form epitaxial
layers of silicon carbide on a single crystal silicon carbide substrate having a
predetermined polytype such as 2H, 4H, 6H, 15R, 3C and the like. The term
"polytype" refers to the ordering and arrangement of layers of atoms within a crystal
structure. Thus, although the different polytypes of silicon carbide are
stoichiometrically identical, they possess different crystal structures and consequently
have different material properties such as carrier mobility and breakdown field
strength. The letters H, R and C refer to the general crystal structure of the polytype,
namely, hexagonal, rhombohedral and cubic, respectively. The numbers in the

polytype designations refer to the repetition period of layer arrangements. Thus, a 4H

-1-



10

15

20

25

30

Attorney Docket No. 5308-395

crystal has a hexagonal crystal structure in which the arrangement of atoms in a
crystal repeats every four bi-layers.
Figure 9 illustrates a hexagonal unit cell of a hypothetical crystal. The unit

cell 60 includes a pair of opposing hexagonal faces 61A, 61B. The hexagonal faces

are normal to the c-axis, which runs along the <OOO l> direction as defined by the

Miller-Bravais indexing system for designating directions in a hexagonal crystal.
Accordingly the hexagonal faces are sometimes called the c-faces which define the c-
planes or basal planes of the crystal. Planes which are perpendicular to the c-plane
are referred to as prismatic planes.

Silicon carbide possesses a number of advantageous physical and electronic
characteristics for semiconductor performance and devices. These include a wide
bandgap, high thermal conductivity, high saturated electron drift velocity, high
electron mobility, superior mechanical strength, and radiation hardness. However,
the presence of crystalline defects in silicon carbide films may limit the performance
of electronic devices fabricated in the films, depending on the type, location, and
density of the defects. Accordingly, significant research has focused on reducing
defects in silicon carbide films. Certain defects, such as micropipes, are known to
severely limit and even prevent device performance. Other defects, such as threading
defects, are not considered to be electrically active, and therefore may not be
detrimental to device performance, at densities normally found in epitaxial films.

For applications where a high voltage blocking capability is required (for
example power switching applications), silicon carbide films are usually grown "off-
axis." That is, the substrate crystal is sliced at an angle that is slightly oblique to the
normal crystal axis (called the c-axis). Taking for example a hexagonal polytype such

as 4H or 6H, the oblique angle of the cut may be made in one of the standard

crystallographic directions illustrated in Figure 10, namely the <1 1§O> direction

(towards a point of the hexagonal unit cell) or <10TO> direction (towards the center of

a flat side of the hexagonal unit cell), or along a different direction.
Thus when an epitaxial layer is grown on the substrate, the deposited atoms
bond to atoms at the exposed edges of the crystal layer steps, which causes the steps

to grow laterally in so-called step-flow fashion. Step-flow growth is illustrated in
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Figure 11. Each layer or step grows in the direction in which the crystal was

originally cut off-axis (the <1 1§0> direction in the case illustrated in Figure 11).

Surface morphological defects, i.e. defects in the shape of the surface of an
epitaxial film, have been observed in silicon carbide epitaxial layers using
conventional imaging techniques such as Transmission Electron Microscopy (TEM)
and Nomarski microscopy. Surface morphological defects are generally considered to
be caused by crystallographic defects in the material. Accordingly, research into the
cause of surface morphological defects generally focuses on the physics of crystal
growth.

Surface morphological defects are generally classified in accordance with their
physical appearance. Thus, such defects have been classified as "comet", "carrot" and
"triangular" defects based on their appearance under a microscope. Carrot defects are
roughly carrot-shaped features in the surface of the silicon carbide film. The features
are aligned along the step flow direction of the film, and are characteristically longer
than the depth of the layer in which they are formed. For example, a film having a
thickness of 40 pm may contain carrot defects having a length of around 250 um
depending on the off-axis angle. The mechanism by which carrot defects form is
currently unknown. Wahab et al. speculate that carrot defects are caused by perfect
screw dislocations which are pinned to the surface of the substrate during growth, and
that the dislocation dissociates into partials that propagate in the basal plane and form
partial ledges in the film. Wahab et al., "Influence of epitaxial growth and substrate
induced defects on the breakdown of 4H-SiC Schottky diodes," Appl. Phys. Let. Vol.
76 no. 19, pp. 2725-2727 (2000). While Wahab et al. reported that carrot defects
were not harmful to the absolute breakdown voltage of Schottky diodes, reverse
leakage current was increased by the presence of carrot defects. Carrot defects may
have deleterious effects on other device properties as well, particularly when the
defect is located at a sensitive location, such as under the edge of a Schottky contact.

Thus, it would be desirable to reduce or minimize the concentration of carrot

defects found in epitaxial films of silicon carbide.

Summary of the Invention

Some embodiments of the present invention, provide for manufacturing a

single crystal silicon carbide epitaxial layer on an off-axis substrate by placing the
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substrate in an epitaxial growth reactor, growing a first layer of epitaxial silicon
carbide on the substrate, interrupting the growth of the first layer of epitaxial silicon
carbide, etching the first layer of epitaxial silicon carbide to reduce the thickness of
the first layer, and growing a second layer of epitaxial silicon carbide on the first layer
of epitaxial silicon carbide. Growing a first layer of epitaxial silicon carbide may
include flowing silicon and carbon containing source gases over the substrate.
Interrupting the growth of the first layer of epitaxial silicon carbide may include
halting and/or reducing the flow of the source gases. Etching the first layer of
epitaxial silicon carbide may include flowing an etchant gas such as H,, HCI, Ar, Cl,
and/or a carbon-containing gas such as propane over the substrate. Carrot defects
which originate at the substrate/epitaxy interface may be terminated by the process of
interrupting the epitaxial growth process, etching the grown layer and regrowing a
second layer of epitaxial silicon carbide. The process of growth
interruption/etching/growth may be repeated multiple times.

In certain embodiments of the present invention, a silicon carbide epitaxial
layer having at least one carrot defect that is terminated within the epitaxial layer is
provided.

Further embodiments of the invention provide a semiconductor structure that
includes an off-axis silicon carbide substrate, an epitaxial layer of silicon carbide on
the substrate, and a carrot defect having a nucleation point in the vicinity of an
interface between the substrate and the epitaxial layer, wherein the carrot defect is

terminated within the epitaxial layer.

Brief Description of the Drawings

Figure 1 is a schematic view of a deposition system according to some
embodiments of the present invention;

Figure 2 is a cross section of a susceptor assembly forming a part of the
deposition system of Figure 1;

Figure 3 is a plan view of a carrot defect in a silicon carbide epitaxial layer;

Figure 4 is a schematic side view of carrot defects formed in a silicon carbide
epitaxial layer;

Figure S is a Nomarski micrograph of a pair of carrot defects in a silicon

carbide epitaxial layer;
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Figure 6 is a schematic side view of carrot defects formed in a silicon carbide
epitaxial layer;

Figures 7(A)-(D) are micrographs of carrot defects in silicon carbide layers
after KOH etching.

Figure 8 is a histogram showing the effects of embodiments of the invention;

Figure 9 is a schematic diagram of a hexagonal crystal unit cell structure;

Figure 10 is a top view of a hexagonal unit cell illustrating standard
crystallographic directions; and

Figure 11 is a schematic side view of an off-axis silicon carbide crystal.

Detailed Description of the Preferred Embodiments

The present invention will now be described more fully hereinafter with
reference to the accompanying drawings, in which embodiments of the invention are
shown. This invention may, however, be embodied in many different forms and
should not be construed as limited to the embodiments set forth herein. Rather, these
embodiments are provided so that this disclosure will be thorough and complete, and
will fully convey the scope of the invention to those skilled in the art. In the
drawings, the relative sizes of regions or layers may be exaggerated for clarity. It will
be understood that when an element such as a layer, region or substrate is referred to
as being "on" another element, it can be directly on the other element or intervening
elements may also be present. In contrast, when an element is referred to as being
"directly on" another element, there are no intervening elements present. Like
numbers refer to like elements. As used herein the term "and/or" includes any and all
combinations of one or more of the associated listed items.

It will be understood that although the terms first and second may be used
herein to describe various elements, components, regions, layers, and/or sections,
these elements, components, regions, layers, and/or sections should not be limited by
these terms. These terms are only used to distinguish one element, component, region,
layer, or section from another region, layer, or section. Thus, a first region, layer, or
section discussed below could be termed a second region, layer, or section, and
similarly, a second without departing from the teachings of the present invention.

A deposition system 101 in which embodiments of the present invention may
be practiced is schematically shown in plan view in Figure 1. The deposition system

101 may be a horizontal, hot wall, flow through, CVD system as shown including a
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susceptor assembly 100, a quartz tube 180 defining a through passage 180A, an
electromagnetic frequency (EMF) generator 182 (for example, including a power
supply and an RF coil surrounding the tube 180) and a process gas supply 160. An
insulative cover may be provided about the susceptor assembly 100 in addition to or
in place of the quartz tube 180. The deposition system 101 may be used to form a
layer or film on a substrate 20 (Figure 2). While only a single substrate 20 is
illustrated in Figure 2, the system 101 may be adapted to form films concurrently on
multiple substrates 20.

The substrate 20 may be a wafer or other structure formed of the same or a
different material than that of the layer to be deposited. The substrate 20 may be
formed of, for example, SiC, sapphire, a Group III nitride, silicon, germanium, and/or
a [II-V or II-VI compound or interalloy, or the like. The substrate surface upon which
the film is deposited may be a base substrate or a first or subsequent layer
superimposed on a base substrate. For example, the surface of the substrate 20 for
receiving the deposited film may be a layer previously deposited using the deposition
system 101 or an alternative apparatus. As will be appreciated by those of skill in the
art in light of the present disclosure, embodiments of the present invention may be
advantageously utilized with semiconductor materials other than those specifically
mentioned herein.

Generally, the process gas supply 160 supplies a process gas into and through
the susceptor assembly 100 as discussed below. The EMF generator 182 inductively
heats the susceptor assembly 100 to provide a hot zone in the susceptor assembly 100
where deposition reactions take place. The process gas continues through and out of
the susceptor assembly 100 as an exhaust gas that may include remaining components
of the process gas as well as reaction by-products, for example. Embodiments of the
present invention may be used in types of deposition systems other than hot wall CVD
systems. Other modifications to the systems and methods of the present invention
will be apparent to those of ordinary skill in the art upon reading the description
herein.

The process gas includes one or more components such as reagents, reactants,
species, carriers and the like. Where it is desired to form a SiC layer on a substrate,
the process gas may include precursor gases such as silane (SiH4) and propane (C;Hg)

along with a carrier gas such as purified hydrogen gas (H;). The process gas supply
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160 may be provided from one or more pressurized containers of the gases with flow
control and/or metering devices as needed.

An exemplary conventional susceptor 100 is shown in Figure 2. The susceptor
100 may be used, for example, in a flow through, hot wall, CVD reactor. The
susceptor 100 has a top susceptor member 100A and a bottom susceptor member
100B. The susceptor 100 also has a top liner 103 and a bottom liner 105 defining a
reaction chamber 107 therebetween. A substrate 20, such as a semiconductor wafer,
is positioned in the reaction chamber 107 and may be situated on an interior surface of
a platter (which may rotate), for example. A process gas P is introduced to the
reaction chamber 107 at one end, flowed through the reaction chamber 107 past the
substrate 20, and finally exhausted from the reaction chamber 107 at the opposite end.
As used herein, the term process gas refers to one or more gases. As indicated by the
arrows in the reaction chamber 107 as shown in Figure 2, as the process gas flows
through the reaction chamber 107 a portion of the process gas may contact the
substrate 20 as intended and thereby deposit the reagents or reactants on the substrate
20 to form a layer thereon. In some systems, the reaction chamber 107 may have a
length of between about 0.1 and 1 meter, a width of between about 0.05 and 0.5
meter, and a height of between about 1 and 10 cm. The reaction chamber 107 is not
limited to these dimensions, however. The susceptor members may include high
quality graphite. Examples of CVD deposition systems including improved susceptor
designs are found in U.S. Patent Publication No. US 2003/0079689 entitled
"Induction Heating Devices and Methods for Controllably Heating an Article" and
U.S. Patent Application Ser. No. 10/414,787 entitled "Methods and Apparatus for
Controlling Formation of Deposits in a Deposition System and Depositions Systems
and Methods Including the Same" both of which are incorporated herein by reference
in their entireties.

In certain embodiments, the susceptor members 100A, 100B are formed of a
material suitable to generate heat responsive to eddy currents generated therein by the
EMF generator 182, such materials and inductive heating arrangements being well
known to those of skill in the art. The members may be formed of graphite, and more
preferably of high purity graphite.

A platter 154 or the like may be situated between the bottom member 100B
and the substrate 20 to support the substrate 20. According to some embodiments, the

platter 154 may be rotatively driven by a suitable mechanism (not shown). For
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example, the system may include a gas-driven rotation system as described in
Applicant's U.S. Application Serial No. 09/756,548, titled Gas Driven Rotation
Apparatus and Method for Forming Silicon Carbide Layers, filed January 8, 2001,
and/or as described in Applicant's U.S. Application Serial No. 10/117,858, titled Gas
Driven Planetary Rotation Apparatus and Methods for Forming Silicon Carbide
Layers, filed April 8, 2002, the disclosures of which are hereby incorporated herein by
reference in their entireties. Alternatively, the platter 154 may be stationary. The
platter 154 may be adapted to hold one or multiple substrates 20. The platter 154 may
be formed of any suitable material such as SiC coated graphite, solid SiC and/or solid
SiC alloy. The platter 154 may be omitted such that the substrate rests on the bottom
member 140, the liner 105, or other suitable support.

In use, the process gas supply 160 supplies a flow of the process gas P to the
reaction chamber 107 through the inlet opening 102. The process gas P flows
generally in a flow direction R. As shown, some portion of the process gas and the
reagents therein contact the substrate 20 to form the desired layer (e.g., an epilayer)
on the exposed surface of the substrate 20.

While the foregoing deposition system 101 and methods are described as
relating to a horizontal, hot wall, CVD, flow through deposition process, various
aspects of the present invention may be used in other types of deposition systems and
processes. While particular embodiments have been described with reference to
"top", "bottom" and the like, other orientations and configurations may be employed
in accordance with the invention. For example, the deposition system and process
may be a cold wall and/or non-horizontal flow through system and process. The
deposition system and process may be a vapor phase epitaxy (VPE), liquid phase
epitaxy (LPE), or plasma enhanced CVD (PECVD) deposition system and process
rather than a CVD system or process.

As discussed above, surface morphological defects known as carrot defects
may form in silicon carbide epitaxial films. Figure 3 is an optical image showing a
carrot defect in a silicon carbide epitaxial layer. The defect appears as a carrot-shaped
ridge in the surface of the material. Although the precise mechanism is unknown, it is
presently believed that most, if not all, carrot defects form at the interface between the
substrate and the epitaxial layers and then propagate through epitaxial growth. Okada
et al. report that carrot defects are characterized by several sets of stacking faults on

the (0001) plane at their termination, and observed partial dislocations bounding the
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stacking faults. Okada et al., "Crystallographic defects under surface morphological
defects of 4H-SiC homoepitaxial films," ICSCRM 2003 Poster Session. The inventors
have found that carrot defects tend to form at or near regions in which a high density
of threading dislocations is present, such as may be present at the interface between a
crystal substrate and an epitaxial layer. Carrot defects appear to propagate as stacking
faults in prismatic planes which grow in stepwise fashion in the direction of the
crystal off-cut. Viewed from the side, the defects appear as triangular stacking faults
having a vertex at the substrate/epitaxy interface and an opposite side on the growth
surface.

The formation of carrot defects is illustrated schematically in Figure 4, which
shows a substrate 10 on which an epitaxial layer 20 has been formed. Carrot defects
Al and B1 are present in the epitaxial layer 20. As the time scale adjacent the figure
indicates, epitaxial growth of layer 20 is initiated at time t, and terminated at time t,.
Carrot defect A1 nucleates at point X at the interface 12 and propagates upward as the

epitaxial layer 20 grows. As illustrated in Figure 4, carrot defect A1 is bounded on

one side by a threading dislocation 31 in the <OOO 1> direction and by a basal plane

dislocation 32 aligned in the <1 1§0> direction. When the epitaxial growth is

terminated at time t,, the carrot defect extends along the surface of the epitaxial layer
20 from point Y to point Z. For ease of reference, the corresponding endpoints Y and
Z are labeled on the defect shown in Figure 3.

As seen in Figure 4, the length of the surface feature of the carrot defect is
related to the thickness of the epitaxial layer and the off-axis angle o illustrated in
Figure 11. In fact, the length of a carrot defect in the growth plane is inversely
proportional to the tangent of the off-axis angle a.

In typical epitaxial growth systems that do not utilize the present invention, it
is common to have a density of carrot defects in excess of 2.5 per square centimeter.
The inventors have discovered that the density of carrot defects in an epitaxial layer of
silicon carbide may be reduced by arresting the propagation of such defects during
epitaxial growth. According to some embodiments of the present invention,
propagation of carrot defects may be arrested by halting and/or reducing the flow of
silicon and carbon source gases during normal epitaxial growth, etching a
predetermined thickness of the grown epitaxial layer and resuming the flow of silicon

and carbon source gases to resume growth of the epitaxial layer to the desired ultimate
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thickness. The process of etching and growing silicon carbide may be performed
once or may be repeated multiple times.

When the flow of reaction gases is halted, the carrier or other gases still
flowing tend to etch the epilayers that have been grown on the substrate 20.
Additionally, etchant gases may be introduced into the reaction chamber during the
growth interruption. Accordingly, the process according to embodiments of the
present invention may be carried out in-situ within the epitaxial deposition chamber.
This result may have multiple benefits: the process may be carried out without
removing the substrate from the growth chamber, which may be time consuming and
potentially exposes the substrate to contamination; the process may be carried out
without requiring additional equipment or facilities; and the process can be carried out
without significantly reducing material throughput. Furthermore, in particular
embodiments of the present invention, the first and second growth processes are
carried out without an intervening growth process.

Despite the advantages of performing the etch in-situ, it may be necessary or
desirable to remove the substrate from the epitaxial growth chamber and perform the
etch in a separate system, particularly if the epitaxial deposition is done in a system
other than a CVD system as described above. Thus, the scope of the invention
includes both in-situ and ex-situ etching of the epitaxial layer.

In some embodiments, propagation of carrot defects is arrested within a highly
doped buffer layer of the epitaxial structure, so that the carrot defects do not extend
into more lightly doped layers that may, for example, form the active region of
resulting devices. In this manner, the effect of carrot defects on device performance
can be reduced or minimized. Moreover, by performing the etch/growth steps within
a highly doped buffer layer, any deleterious effects of halting and restarting epitaxial
growth may be reduced, minimized or even eliminated. The ensuing epitaxial layers
that are primarily responsible for device performance may have a lower defect density
as a result of carrot defect termination.

In specific embodiments, silicon carbide epitaxial growth is initiated to grow a
highly doped buffer layer of silicon carbide. For example, growth of a silicon carbide
epitaxial layer doped with nitrogen, phosphorus, boron and/or aluminum at a
concentration of about 1E18 cm™ or greater is initiated by flowing appropriate source
gases (e.g. silane, propane and a dopant gas) through a CVD reactor along with a

carrier gas. A first layer of silicon carbide is grown to a desired thickness. In some
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embodiments, the first layer is grown to a thickness of at least about 2.5 microns,
however, the first layer may be grown thicker or thinner than 2.5 microns. In a
typical embodiment, the first layer is grown to a thickness of about 4 microns. The
source gases are then turned off or substantially reduced while the carrier gas
continues to flow. While the source gases are shut off, the etchant and/or carrier gas
etches the first epitaxial layer to reduce the thickness of the first epitaxial layer. The
etchant gas may include H,, HCI, Ar, Cl, and/or a carbon-containing gas such as
propane. In the typical embodiment discussed above, the first epitaxial layer may, for
example, be etched as much as about 3 microns. The inventors have found that carrot
defects may be arrested when the first epitaxial layer is etched by as little as 0.4
microns.

The flow of source gases is then resumed, and a second epitaxial layer is
grown on the first epitaxial layer (or the growth of the first epitaxial layer is resumed).
The steps of halting the source gases, etching the grown epitaxial layer and restarting
the source gases may be repeated multiple times. After the final etch step, the
epitaxial layer may be capped with an additional epitaxial layer that, in some
embodiments, includes about 2 microns of silicon carbide. The remainder of the
epitaxial layers of the structure may then be grown. It has been found that by
stopping the flow of source gases, etching the grown silicon carbide layer and
growing additional silicon carbide on the etched surface, the majority of carrot defects
propagating through the layer are terminated and do not continue to propagate in the
subsequently grown layers.

Referring again to Figure 4, carrot defect termination is illustrated
schematically therein in the case of carrot defect B1. As with carrot defect A1, carrot
defect B1 originates at the interface 12 between substrate 10 and epitaxial layer 20.
At a predetermined time after the initiation of growth, the flow of source gases is
interrupted and growth of epitaxial layer 20 is halted. The epitaxial layer 20 then
starts to be etched. After the epitaxial layer 20 is etched slightly, the flow of source
gases is resumed at time t;, and growth of epitaxial layer 20 continues until time t,.
As illustrated in Figure 4, the interruption of growth and etching of the epitaxial layer
20 causes carrot defect B1 to terminate at interface 22.

Although carrot defect B1 is still present in epitaxial layer 20, it may no longer
affect the electrical characteristics of devices formed in subsequent epitaxial layers

because it is terminated within the epitaxial layer 20. Even though a terminated
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defect such as carrot defect B1 may still give rise to a morphological feature on the
surface of the epitaxial layer, the electrical impact of the defect may be minimized or
eliminated.

However, in certain embodiments of the present invention, not all carrot
defects are eliminated by the method of the invention. For example, as illustrated in
Figure 4, some defects such as carrot defect A1 may continue to propagate through
the growth interruption/etch/growth cycle at time t;. Moreover, it is possible for new
carrot defects to form after the growth interruption. However, significant reduction in
the number of carrot defects that propagate to the surface of the epitaxial layer can be
obtained.

Figure 5 is a Nomarski micrograph illustrating carrot defect termination
according to aspects of the invention. The figure shows the surface of a 40 micron
thick epitaxial layer. Two carrot defects are shown in close proximity in Figure 5.
The lower carrot (B2) terminated at a growth interruption after 10 microns of growth.
The upper carrot (A2) propagated through the entire 40 micron layer. Again, even
though a morphological feature is visible in connection with carrot defect B2, the
electrically active portion of the defect does not extend to the surface of the layer.
The endpoints Y, Z of defect A2 and endpoints Y*, Z* of defect B2 are labeled for
ease of comparison with defects A1 and B1 in the schematic diagram of Figure 4.

Other defect behavior has been observed. As discussed above, new carrot
defects may originate at the growth interruption/etch step, as illustrated by defect D1
in Figure 6. In addition, as indicated by defect C1 in Figure 6, the threading

dislocation 41 in the <000 1> may be converted during the interruption/etch step into a

basal plane dislocation 43 which propagates in approximately the <1 1§0> direction

resulting in the shape illustrated.

The defect behavior described above in connection with carrot defects A1, B1,
C1 and D1 is illustrated in the micrographs of Figures 7(A), 7(B), 7(C) and 7(D). In
the process illustrated in Figures 7(A)-(D), a layer of silicon carbide was epitaxially

grown on a bulk substrate off-cut at an angle of about eight degrees towards the

<1 1§0> direction. After 10 microns of growth, the flow of source gases was

interrupted, and the layers were etched by about one-half micron. Growth of the

epitaxial layer was resumed, and the layer was grown an additional 30 microns. The
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layer was then etched with molten KOH to highlight defects in the material. Figures
7(A)-(D) are micrograph images of the etched layers.

Figure 7(A) illustrates a carrot defect similar to defect A1 that continued to
propagate through the growth interruption/etch step. The carrot defect extended a
distance of 243 microns at the surface of the layer.

Figure 7(B) illustrates a carrot defect similar to defect B1 that was terminated
at the growth interruption/etch step. The carrot defect grew to a width of 62 microns
before termination. It is noteworthy that the KOH etch did not etch a deep trench
where the morphological remnant of the carrot appears, which indicates that the
prismatic stacking fault did not propagate to the surface of the epitaxial layer.

Figure 7(C) illustrates a carrot defect similar to defect C1 that was modified

at the growth interruption/etch step such that the threading dislocation in the <000 1>

direction was converted to a dislocation propagating in approximately the <1 1§0>

direction.

Figure 7(D) illustrates a carrot defect similar to defect D1 that originated at
the growth interruption/etch step.

To examine the efficacy of the process, nearly identical wafers derived from
the same SiC boule ("sister wafers") were processed with and without employing a
process according to the invention. The carrot defect densities on each of the wafers
were measured and compared. Since the number of carrot defects in a wafer is
strongly dependent on the boule, it may be useful to compare carrot defect reduction
in wafers taken from the same boule. For this comparison, the inventors calculated
the ratio of the number of carrot defects in epilayers grown using the present
invention to the number of carrot defects in epilayers grown without the invention,
both on sister wafers. In each case, one set of wafers was grown without growth
interruption/etching/growth cycle, while one set of wafers included an
interruption/etching/growth cycle.

For each growth run, three wafers were loaded into a CVD reactor. The
reactor was heated to growth temperature under a flow of carrier gas (H;) only. Ata
temperature consistent with an etch-rate of approximately 3 microns/hour, growth of
silicon carbide was initiated by introduction of silane (SiHs) and propane (Cs;Hg)
reactant gases. Appropriate growth temperatures are system dependent and may be

determined by a skilled person without undue experimentation.
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In the control experiment, this growth was continued until a silicon carbide
epitaxial layer of approximately 40 microns had been grown. In other experiments,
growth was initiated in the same manner as the control experiment but was interrupted
once or twice by stopping the flow of both the silane and propane. During that
interruption of about 12 minutes duration, hydrogen in the carrier gas etched about 0.6
microns from the previously grown epitaxial layer. At the end of the growth
interruption, silane and propane were reintroduced to resume growing silicon carbide.

In the first experiment, the initial epitaxial layer was approximately 5 microns
thick, there was a single growth interruption, and the final epitaxial layer was
approximately 35 microns thick. In the second experiment, the initial epitaxial layer
was approximately 2.5 microns thick, there was a single growth interruption, and the
final epitaxial layer was approximately 37.5 microns thick. In the third experiment,
the initial epitaxial layer was approximately 2.5 microns thick, there were two growth
interruptions with an additional 2.5 microns thick epitaxial layer between them, and
the final epitaxial layer was approximately 35 microns thick. After growth, all of the
carrots on each wafer were counted using a Nomarski microscope. The number of
carrots on each wafer in the experimental runs was counted and compared to the
number of carrots on its sister wafer in the control experiment. For purposes of the
experiment, carrot defects were counted if they were not terminated within the
epitaxial layer (i.e. if they continued to propagate to the surface). In each case, there
was significant reduction in the number of carrot defects.

A histogram of the carrot reduction ratio is presented in Figure 8. The
abscissa (x-axis) of Figure 8 represents the ratio of carrot defect densities in wafers
prepared using a process according to embodiments of the present invention to wafers
that did not use such a process. The ordinate (y-axis) represents the percentage of
samples falling within the indicated range of defect reduction Thus, Figure 8 shows
that the majority of wafers grown using the inventive process had only 10 to 30% of
the number of carrot defects found in the control wafers. The median carrot density
was reduced from 2.76 cm™ to 0.67 cm™.

As illustrated in Figure 8, by using the process described above, the number
of carrots can be reduced by roughly 70-80% of the expected value.

While the systems and methods have been described in relation to processes
for depositing layers on substrates such as semiconductor wafers, the present

invention may be employed in processes for depositing layers or the like on other

-14 -



10

15

20

Attorney Docket No. 5308-395

types of substrates. The systems and methods of the present invention may be
particularly useful in processes for forming an epitaxial layer on a substrate.

Various other modifications may be made in accordance with the invention.
For example, heating systems may be used other than or in addition to inductive
heating.

As used herein a "system" may include one or multiple elements or features.
In the claims that follow, the "deposition system", the "deposition control system", the
"buffer gas supply system", the "process gas supply system" and the like are not
limited to systems including all of the components, aspects, elements or features
discussed above or corresponding components, aspects, elements or features.

The foregoing is illustrative of the present invention and is not to be construed
as limiting thereof. Although a few exemplary embodiments of this invention have
been described, those skilled in the art will readily appreciate that many modifications
are possible in the exemplary embodiments without materially departing from the
novel teachings and advantages of this invention. Accordingly, all such modifications
are intended to be included within the scope of this invention. Therefore, it is to be
understood that the foregoing is illustrative of the present invention and is not to be
construed as limited to the specific embodiments disclosed, and that modifications to
the disclosed embodiments, as well as other embodiments, are intended to be included

within the scope of the invention.
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THAT WHICH IS CLAIMED IS:

1. A method of manufacturing a single crystal silicon carbide epitaxial
layer on an off-axis silicon carbide substrate comprising:

growing a first layer of epitaxial silicon carbide on the substrate;

etching the first layer of epitaxial silicon carbide to reduce the thickness of the
first layer; and

growing a second layer of epitaxial silicon carbide on the etched first layer of

epitaxial silicon carbide.

2. A method according to Claim 1, further comprising interrupting the
growth of the first layer of epitaxial silicon carbide prior to etching the first layer of

epitaxial silicon carbide.

3. A method according to claim 2, wherein growing a first layer of
epitaxial silicon carbide comprises flowing silicon and carbon containing source gases
over the substrate and interrupting the growth of the first layer of epitaxial silicon

carbide comprises reducing the flow of the source gases.

4. A method according to claim 2, wherein growing a first layer of
epitaxial silicon carbide comprises flowing silicon and carbon containing source gases
over the substrate and interrupting the growth of the first layer of epitaxial silicon

carbide comprises halting the flow of the source gases.

5. A method according to claim 3, wherein etching the first layer of

epitaxial silicon carbide comprises flowing an etchant gas over the substrate.

6. A method according to claim 5, wherein the etchant gas comprises Ho,

Ar, HCI, Cl, and/or propane.

7. A method according to claim 1, wherein the first layer of epitaxial

silicon carbide is doped with a dopant at a concentration of 1E18 cm™ or greater.

8. A method according to claim 1, wherein the first layer of epitaxial

silicon carbide has a thickness of less than 4 microns.
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9. A method according to claim 1, wherein the first layer of epitaxial

silicon carbide has a thickness of greater than 2 microns.

10. A method according to claim 1, wherein the first layer of epitaxial

silicon carbide has a thickness of about 4 microns.

11. A method according to claim 1, wherein etching the first layer of
epitaxial silicon carbide comprises etching the first layer of epitaxial silicon carbide

by about 1 micron or more.

12. A method according to claim 1, wherein etching the first layer of
epitaxial silicon carbide comprises etching the first layer of epitaxial silicon carbide

by about 1 micron or less.

13. A method according to claim 1, wherein the second layer of epitaxial

silicon carbide is grown to a thickness of about 2 microns.

14. A method according to claim 1, further comprising etching the second
epitaxial layer, and growing a third epitaxial layer on the etched second epitaxial

layer.

15. A method according to claim 14, further comprising interrupting the

growth of the second epitaxial layer prior to etching the second epitaxial layer.

16. A method according to claim 1, wherein the substrate comprises
silicon carbide having a polytype selected from the group consisting of 2H, 4H, and
6H.

17. A method according to claim 1, wherein etching the first layer of

epitaxial silicon carbide comprises etching the first layer of epitaxial silicon carbide

within the epitaxial growth reactor.
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18. A method according to claim 1, wherein etching the first layer of
epitaxial silicon carbide comprises removing the substrate from the epitaxial growth
reactor and etching the first layer of epitaxial silicon carbide outside the epitaxial

growth reactor.

19. A method according to claim 1, wherein the first epitaxial layer and the

second epitaxial layer provide a buffer layer on the substrate.

20. A method according to claim 1, wherein growing a first layer of
epitaxial silicon carbide on the substrate comprises growing a first layer of epitaxial

silicon carbide on an epitaxial layer on the substrate.

21. A semiconductor structure comprising a silicon carbide epitaxial layer

having a carrot defect which is terminated within the epitaxial layer.

22. A semiconductor structure comprising:

an off-axis silicon carbide substrate;

an epitaxial layer of silicon carbide on the substrate,

a carrot defect having a nucleation point in the vicinity of an interface between
the substrate and the epitaxial layer, wherein the carrot defect terminates within the

epitaxial layer.
23. A structure according to claim 22, wherein the substrate comprises
silicon carbide having a polytype selected from the group consisting of 2H, 4H, and

6H.

24. A structure according to claim 22, wherein the silicon carbide substrate

1s cut off-axis towards the <1 1§0> direction.

25. A structure according to claim 22, wherein the silicon carbide substrate

is cut off-axis towards a crystallographic direction perpendicular to the c-axis.
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26. A structure according to claim 22, wherein the epitaxial layer

comprises a buffer layer.

27. A structure according to claim 22, wherein the epitaxial layer is doped

with a dopant at a concentration of 1E18 cm™ or greater.

28. A structure according to claim 27, wherein the dopant comprises

nitrogen, phosphorus, boron or aluminum.
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REDUCTION OF CARROT DEFECTS IN SILICON CARBIDE EPITAXY
ABSTRACT
Single crystal silicon carbide epitaxial layer on an off-axis substrate are

manufactured by placing the substrate in an epitaxial growth reactor, growing a first
layer of epitaxial silicon carbide on the substrate, interrupting the growth of the first
layer of epitaxial silicon carbide, etching the first layer of epitaxial silicon carbide to
reduce the thickness of the first layer, and regrowing a second layer of epitaxial
silicon carbide on the first layer of epitaxial silicon carbide. Carrot defects may be
terminated by the process of interrupting the epitaxial growth process, etching the
grown layer and regrowing a second layer of epitaxial silicon carbide. The growth
interruption/etching/regrowth may be repeated multiple times. A silicon carbide
epitaxial layer has at least one carrot defect that is terminated within the epitaxial
layer. A semiconductor structure includes an epitaxial layer of silicon carbide on an
off-axis silicon carbide substrate, and a carrot defect having a nucleation point in the
vicinity of an interface between the substrate and the epitaxial layer and is terminated

within the epitaxial layer.
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REDUCTION OF SUBSURFACE DAMAGE IN THE
PropucTION OF BULK Sic CRYSTALS

BACKGROUND OF THE INVENTION

[0001] The present invention relates to the growth of silicon carbide for
semiconductor purposes, and to the seeded sublimation growth of large, high quality silicon
carbide single crystals. The invention particularly relates to improvements that reduce the

defect density in large single crystals grown using seeded sublimation techniques.

[0002] Silicon carbide has found use as a semiconductor material for various
electronic devices and purposes in recent years. Silicon carbide is especially useful due to its
physical strength and high resistance to chemical attack. Silicon carbide also has excellent
electronic properties, including radiation hardness, high breakdown filed, a relatively wide
band gap, high saturated electron drift velocity, high temperature operation, and absorption
and emission of high energy photons in the blue, violet, and ultraviolet regions of the

spectrum.

[0003] Single crystal SiC is often produced by a seeded sublimation growth process.
In a typical silicon carbide growth technique, a seed crystal and a source powder are both
placed in a reaction crucible which is heated to the sublimation temperature of the source and
in a manner that produces a thermal gradient between the source and the marginally cooler
seed crystal. The thermal gradient encourages vapor phase movement of the materials from
the source to the seed followed by condensation upon the seed and the resulting bulk crystal

growth. The method is also referred to as physical vapor transport (PVT).

[0004] In a typical silicon carbide growth technique, the crucible is made of graphite
and is heated by induction or resistance, with the relevant coils and insulation being placed to
establish and control the desired thermal gradients. The source powder is silicon carbide, as
is the seed. The crucible is oriented vertically, with the source powder in the lower portions

and the seed positioned at the top, typically on a seed holder; see U.S. Patent No. 4,866,005



(reissued as No. RE34,861). These sources are exemplary, rather than limiting, descriptions

of modern seeded sublimation growth techniques.

[0005] Current seeded sublimation techniques for the production of large bulk single
crystals of SiC typically result in a high concentration of defects on the growing surface of
the SiC crystal. High concentrations of defects cause significant problems in limiting the
performance characteristics of devices made on the crystals, or substrates resulting from the
crystals. For example, a typical micropipe defect density in some commercially available
silicon carbide wafers can be on the order of 100 per square centimeter (0111'2). A megawatt
device formed in silicon carbide, however, requires a micropipe defect free area on the order
of 0.4 em™. Thus, obtaining large single crystals that can be used to fabricate large surface

area devices for high-voltage, high current applications remains difficult.

[0006] Common defects found in crystals produced in the seeded sublimation
production of SiC crystals include screw dislocations, particularly 1c screw dislocations. The
nature and description of specific defects is generally well understood in the crystal growth
art. In particular, a screw dislocation is defined as one in which the Burgers Vector is
parallel to the direction vector. On an atomic scale, the resulting dislocation gives the
general appearance of a spiral staircase. Other defects include threading dislocations, basal
plane dislocations and micropipes. Clusters of Ic screw dislocations result in micropipes.
These defects are present in crystal seeds as background defects, originating at the bottom of

the seed and migrating to the surface.

[0007] More defects are introduced as a result of mechanical polishing of the surface
of the crystal seed. These newly introduced defects typically reach 5-10 microns below the
polished surface and are sometimes referred to as “subsurface defects.” They have
characteristics of 1c or threading edge or basal plane defects, but tend to loop back to the
crystal surface. If these defects remain in the seed crystal, they will tend to propagate into

the growing crystal under growth conditions.



[0008] The presence of subsurface defects in bulk single crystals of SiC may also
interfere with single-polytype crystal growth. The 150 available polytypes of SiC raise a
particular difficulty. Many of these polytypes are very similar, often separated only by small
thermodynamic differences. Maintaining the desired polytype identity throughout the crystal
is only one difficulty in growing SiC crystals of large sizes in a seeded sublimation system.
When surface defects are present, there is not enough polytype information on the crystal
surface for depositing layers to maintain the desired polytype. Polytype changes on the

surface of the growing crystal result in the formation of even more surface defects.

[0009] One technique used to remove such defects is hydrogen etching of the seed

wafer at temperatures of 1600 °C or greater. Hydrogen etching, however, is a difficult and
expensive process, and often results in etching of the silicon face of the seed as well as the
growing surface of the seed. An etched Si face is undesirable because the etching process

may enlarge pits and micropipes on the Si face, or create new ones, or both. Under growth
conditions, these defects may then transmit as open void spaces through the seed into the

growing crystal.

[0010] Another problem with current etching technology is that the etching is only
efficient to depths of about 1 pm. It is estimated that subsurface damage resulting from the
crystal growth process reaches depths of at least about 5 pm, and possibly deeper than about
10 pm. If these defects are not removed, the resultant devices grown on the SiC seed will

have an unacceptable defect level.

[0011] Accordingly, it would be desirable to develop a method for efficiently
removing subsurface damage on the growing surface of bulk single crystals of SiC, while
protecting the opposing crystal face in order to produce large, high quality bulk single
crystals of SiC.

SUMMARY OF THE INVENTION

[0012] The invention is an improvement in a method of producing a high quality bulk

single crystal of silicon carbide in a seeded sublimation system. In one aspect, the invention
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is a method of protecting a 0001 Si face of a SiC seed during a KOH etch of the 0001 C face
of the SiC seed.

[0013] In another aspect, the invention is a method for efficiently removing
subsurface damage on the growing surface of bulk single crystals of SiC, while protecting the

opposing crystal face in order to produce large, high quality bulk single crystals of SiC.

[0014] The invention is also a SiC seed structure comprising a first 0001 Si face on a

first SiC seed directly against a second 0001 Si face on a second SiC seed.

[0015] The foregoing, as well as other objectives and advantages of the invention and
the manner in which the same are accomplished, is further specified within the following

detailed description and its accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Figure 1 is a cross sectional schematic diagram of a sublimation system for

seeded sublimation growth;

[0017] Figure 2 is a schematic illustration of a SiC seed prepared in accordance with

the present invention and attached to a seed holder; and

[0018] Figure 3 is a schematic illustration of a SiC seed structure prepared in

accordance with the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0019] The present invention relates to a method for producing high quality bulk
single crystals of silicon carbide. In particular, the present invention incorporates several
techniques for improving the growth of such crystals using seeded sublimation. The
invention is described in terms of the sublimation growth of silicon carbide, but is not limited

to silicon carbide per se.



[0020] As noted in the background portion of the specification, the general aspects of
seeded sublimation growth of silicon carbide have been generally well established for a
number of years. Furthermore, those familiar with the growth of crystals, particularly in
difficult material systems such as silicon carbide, will recognize that the details of a given
technique can and will vary, usually purposefully, depending upon the relevant
circumstances. Accordingly, the descriptions given herein are most appropriately given in a
general and schematic sense with the recognition that those persons of skill in this art will be
able to carry out the improvements of the invention based on the disclosures herein without

undue experimentation.

[0021] In a first broad aspect, the invention is an improvement in a method of
producing a high quality bulk single crystal of silicon carbide in a seeded sublimation
system. The improvement includes etching the front face on each of a first and second SiC
seed to a depth of greater than about 20 pm while protecting the opposite or back face on
each of the first and second SiC faces. Protection of the back faces occurs by placing the
faces sufficiently close to one another to shield the back faces from being etched during
etching of the respective unprotected front faces. In preferred embodiments, the first and
second back faces are placed directly against one another. Separation of the first and second
SiC seeds occurs after the etching of the front faces is complete. As used herein, the front
face is defined as the growing face of the crystal, and the back face is defined as the face of
the crystal opposite the front face. The invention is described in terms of the 0001 Si face

and the 0001 C face of the crystal for ease of discussion, but is not limited to these faces.

[0022] In another aspect, the invention is a method of producing a high quality bulk
single crystal of silicon carbide in a seeded sublimation system. The method includes
protecting a first 0001 Si face on a first SiC seed and a second 0001 Si face on a second SiC
seed by placing them sufficiently close to one another to shield the 0001 faces from being
etched during etching of the respective unprotected 0001 C faces. Next, the 0001 C faces are
prepared for growth by etching a 0001 C face on each of the first and second SiC seeds to a
depth of greater than about 20 um while protecting the first and second 0001 Si faces. The

method further includes separation of the first and second seeds, followed by attachment of



the unetched first 0001 Si face on the first SiC seed to a seed holder. Next, SiC growth on
the etched 0001 C face of the SiC seed is initiated by placing the seed holder and SiC source
powder in a crucible, evacuating the crucible to remove ambient air and other impurities;
placing the crucible under inert gas pressure, heating the system to SiC growth temperatures,

and reducing the pressure of the system.

[0023] In another aspect, the invention is a method of producing a high quality bulk
single crystal of silicon carbide in a seeded sublimation system by reducing the presence of
subsurface damage, for example 1¢ screw dislocations at a crystal growth face. Without
being bound by theory, it is believed that subsurface damage can be reduced by protecting a
first 0001 Si face on a first SiC seed by placing the seeds sufficiently close to one another to
shield the 0001 Si faces from being etched during etching of the respective unprotected 0001
C faces, etching a 0001 C face on each of the first and second SiC seeds to a depth sufficient
to remove the lc screw dislocations ,basal plane dislocations and threading dislocations
induced by the polishing process while protecting the first and second 0001 Si faces;
separating the first and second SiC seeds, and thereafter initiating sublimation growth of

silicon carbide on the etched 0001 C face of the SiC seed crystal.

[0024] In yet another aspect, the invention is a method for reducing the presence of
subsurface damage on the growth face of a high quality bulk single crystal silicon carbide
during seeded sublimation growth. The method includes protecting a first 0001 Si face on a
first SiC seed and a second 0001 Si face on a second SiC seed by placing them sufficiently
close to one another to shield the 0001 Si faces from being etched during etching of the
respective unprotected 0001 C faces, and thereafter etching a 0001 C face on each of the first
and second SiC seeds to a depth sufficient to remove subsurface damage while protecting the
first and second 0001 Si faces. After etching, separation of the seeds and attachment of the
unetched first 0001 Si face on the first SiC seed to a seed holder prepares the seed for
sublimation growth. The second 0001 Si face on the second SiC seed may be attached to a

second seed holder, thereby preparing the second SiC seed for sublimation growth.



[0025] In yet another method, the invention is a method of protecting a 0001 Si face
of a SiC seed during etching. The method includes placing a first 0001 Si face on a first SiC
seed sufficiently close to a second 0001 Si face on a second SiC seed to prevent etching of
the first and second 0001 Si faces during a KOH etch of a first 0001 C face on the first SiC
seed and a second 0001 face on the second SiC seed, and thereafter separating the unetched

first and second 0001 Si faces.

[0026] The etching step is preferably a molten KOH etch. KOH etches are known in
the art, however the 0001 Si face of the SiC seed is pitted by the enhanced etching rate
associated with micropipes and other defects. In the present invention, protection of the 0001
Si faces of the SiC seeds during the KOH etch process results in a sufficiently etched 0001 C
face on each seed and a 0001 Si face maintains its unetched condition. In a preferred
embodiment, the KOH etch is conducted in a melt at a temperature of about 600 °C and is at
least about 20 pm deep, more preferably greater than about 25 pm deep, and most preferably
greater than about 30 um deep. A preferred etch depth is between about 20 and 45 pm.
There is no limitation to how deep the KOH etch may be, but relevant subsurface damage,
such as that described in the Background section, is effectively removed at these depths, and

etching beyond about 45 pm, although not harmful, is unnecessary.

[0027] Although a KOH etch is preferred, in alternative embodiment, the protected
seeds may be etched in a hydrogen etch at temperatures around about 1600 C or by a
chemo-mechanical polish of the seed of the type that does not produce the damage described

earlier.

[0028] Figure 1 is a cross sectional schematic diagram of a sublimation system for
seeded sublimation growth of the type contemplated as useful in the present invention. The
system is broadly designated at 10. As in most typical systems, the system 10 includes a
graphite susceptor, or crucible, 12 and a plurality of induction coils 14 that heat the susceptor
12 when current is applied through the coils 14. Alternatively, some systems incorporate
resistance heating. It will be understood by those familiar with these crystal growth
techniques that the system can be further enclosed in some circumstances, e.g., in a water-

cooled quartz vessel. Such further enclosures are, however, less relevant to the invention and
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are omitted herein to help clarify the drawing and description. Additionally, those persons
skilled in this art recognize that silicon carbide sublimation systems of the type described
herein are available both commercially and as constructed in a custom fashion as may be
necessary or appropriate. They accordingly can be selected or designed by those of ordinary

skill in this art without undue experimentation.

[0029] The susceptor 12 is typically surrounded by insulation 16, several portions of
which are illustrated in Figure 1. Although Figure 1 illustrates the insulation as being
generally consistent in size and placement, it will be understood and is recognized by those
of skill in the art that the placement and amount of the insulation 16 can be used to provide
desired thermal gradients (both axially and radially) along the susceptor 12. Again, for

purposes of simplification, these possible permutations are not illustrated herein.

[0030] The susceptor 12 includes one or more portions for containing a silicon carbide
powder source 18. Such a powder source 18 is most commonly—although not exclusively—
used in seeded sublimation growth techniques for silicon carbide. Figure 1 illustrates the
powder source 18 as being contained in a lower portion of the susceptor 12 and this is one
typical arrangement. As another familiar variation, some systems distribute the source
powder in a vertical, cylindrical arrangement in which the source powder surrounds a larger
portion of the interior of the susceptor 12 than does the arrangement illustrated in Figure 1.
The invention described herein can be appropriately carried out using both types of

equipment.

[0031] The silicon carbide seed crystal is designated at 20, and is typically placed in
upper portions of the susceptor 12. A seed holder 22 typically holds the seed 20 in place
with the seed holder 22 being attached to the susceptor in an appropriate fashion. The seed
20 is typically attached to the seed holder 22 via the unetched 0001 Si face. In the
orientation illustrated in Figure 1, the upper portions of the seed holder 22 would typically be
attached via attachment means known in the art to the uppermost portions of the susceptor 12
to hold the seed 20 in the desired position. The seed holder 22 is preferably a graphite seed
holder.



[0032] In some embodiments it may be desirable to anneal the seed holder 22 prior to
attaching the seed 20. Annealing the seed holder 22 prior to sublimation growth prevents the
seed holder 22 from undergoing significant distortion during crystal growth at SiC
sublimation temperatures. Annealing the seed holder 22 also minimizes or eliminates
temperature differences across the seed 20 that would otherwise tend to initiate and
propagate defects in the growing crystal 24. A preferred process for annealing the seed
holder 22 includes annealing at temperatures at or about 2500 °C for at least about 30

minutes.

[0033] The growing crystal is illustrated by the dotted rectangle designated 24. The
growing crystal 24 may have the same diameter as the seed 20 or a larger diameter than the

seed 20. Preferably, the growing single crystal 24 has the same diameter as the seed 20.

[0034] The general scheme for sublimation growth is set forth briefly in the
Background portion of the specification, as well as in other sources well-known to those of
ordinary skill in this art. Typically, an electric current, having a frequency to which the
susceptor 12 responds, is passed through the induction coils 14 to heat the graphite susceptor
12. The amount and placement of the insulation 16 are selected to create a thermal gradient
between the powder source 18 and the growing crystal 24 when the susceptor 12 heats the
powder source 18 to sublimation temperatures, which are typically on the order of between
about 2000 °C and 2500 "C. The thermal gradient is established to maintain the temperature
of the seed 20 and thereafter the growing crystal 24 below temperature of silicon carbide
powder to thereby thermodynamically encourage the vaporized species that are generated
when silicon carbide sublimes (Si, Si,C, and SiC,) to condense first upon the seed crystal and
thereafter upon the growing crystal. As one example, U.S. Patent No. 4,866,005 suggests
maintaining the seed at about 2300 "C. Sublimation growth may also be conducted at
temperatures between about 2000 and 2500 "C and may be on-axis or off-axis growth.

Preferably, the sublimation growth is on-axis growth.

[0035] Preferably, the susceptor 12 is placed under gas pressure prior to initiating
sublimation growth. Preferred gases include noble gases, nitrogen, CO, H,, CHa, other

hydrocarbons known in the art, and mixtures thereof.



[0036] After reaching the desired crystal size, growth is terminated by reducing the
temperature of the system to below about 1900 °C and raising the pressure to above about

400 torr.

[0037] It may be further desirable to anneal the crystal after completion of the
sublimation growth process. The crystal may be annealed at temperatures above about

2500 °C for a period greater than about 30 minutes.

[0038] In some embodiments, it may be preferred to include dopant atoms in the
single crystal 24. Introducing dopant gases to the seeded sublimation system incorporates
dopant atoms in the single crystal 24. Dopants are selected for their acceptor or donor
capabilities. Donor dopants are those which produce n-type conductivity in the crystal and
acceptor dopants are those which produce p-type conductivity in the crystal. Preferred
dopant atoms include donor and acceptor dopant atoms. Especially preferred donor dopants
include N, P, As, Sb, Bi, and mixtures thereof. Especially preferred acceptor dopants include

B, Al, Ga, In, TI, and mixtures thereof.

[0039] For purposes of clarity, the singular term, “thermal gradient,” will be used
herein, but it will be understood by those of skill in this art that several gradients can
desirably co-exist in the susceptor 12 and can be subcategorized as axial and radial gradients,

or as a plurality of isotherms.

[0040] If the temperature gradients and other conditions (pressure, carrier gases, etc.)
are properly maintained, the overall thermodynamics will encourage the vaporized species to
condense first on the seed crystal 20 and then on the growing crystal 24 in the same polytype
as the seed crystal 20.

[0041] In describing the invention, it will be understood that a number of techniques
are disclosed. Each of these has individual benefit, and each can also be used in conjunction
with one or more, or in some cases all, of the other disclosed techniques. Accordingly, for
the sake of clarity, this description will refrain from repeating every possible combination of
the individual steps in an unnecessary fashion. Nevertheless, the specification and claims
should be read with the understanding that such combinations are entirely within the scope of

the invention and the claims.
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[0042] In considering the proportional dimensions of the diameter and thickness of the
seed crystal, whether expressed as a percentage, a fraction, or a ratio, it will be understood
that in the context of the improvements provided by the invention, these proportions have
their inventive meaning in the context of the larger-diameter seed crystals that are described

herein.

[0043] Accordingly, in certain embodiments the invention is described and claimed
herein in the relevant embodiments in a manner that includes the absolute dimensions of the
crystal, usually in terms of a diameter, of which 2 inch, 3 inch, and 100 mm diameter single

crystals are preferred.

[0044] In one aspect, and as seen in Figure 2, the invention is a SiC seed 20 with low
density of 1c¢ screw dislocations and threading dislocations on a growing surface 26. The
seed has an unetched 0001 Si face 28 and an etched 0001 C face 26 having a 1c screw

dislocation density of less than about 2000 cm™,

[0045] The SiC seed may be attached to a seed holder 22, preferably a graphite seed
holder. The attachment may be any attachment known in the art. In one embodiment, a
mechanical attachment may be preferred. Preferably, the attachment of the SiC seed to the

seed holder occurs via the unetched 0001 Si face of the seed.

[00406] In yet another aspect, and as depicted in Figure 3, the invention is a SiC seed
structure, broadly designated at 30 having a first 0001 Si face 32 on a first SiC seed 34
directly against a second 0001 Si face 36 on a second SiC seed 38. The first 0001 Si face 32
is directly opposite a first 0001 C face 40 and the second 0001 Si face 36 is directly opposite
a second 0001 C face 42. Preferably, any gaps between the first 0001 Si face 32 on the first
SiC seed 34 and the second 0001 Si face 36 on the second SiC seed 38 are less than about 10

pm, more preferably less than about 5 pm, and most preferably less than about 2 pm.

[0047] Bulk single crystals grown in accordance with the present invention have
reduced surface and subsurface damage. Preferably, the growth surface is substantially free
of subsurface damage.. The growth surface of crystals grown in accordance with the present
invention allows the crystal to maintain a consistent polytype throughout the crystal.

Preferred polytypes include the 3C, 4H, 6H, and 15R polytypes.
11



EXAMPLE

[0048] In one example, two 3.25 inch polished SiC seed wafers were placed together,
0001 Si face to 0001 Si face to prevent the silicon faces from etching in a KOH melt and so
keep them flat to ensure perfect thermal contact of the seed with the seed holder during
crystal growth. The two seeds were placed in a KOH melt at 600 °C for 45 minutes to allow
etching of the 0001 C faces on the SiC wafers. This etching removed 35 pm from the 0001
C faces. After the etch, the seeds were wafered and polished as known in the art, and the lc
screw dislocation density in the wafer near the seed was 2000 cm™, which is five times lower

than the typical 1c screw dislocation density in the crystal grown on the polished seed.

[0049] In the specification and the drawings, typical embodiments of the invention
have been disclosed. Specific terms have been used only in a generic and descriptive sense,
and not for purposes of limitation. The scope of the invention is set forth in the following

claims.
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THAT WHICH IS CLAIMED IS:

L. In a method of producing a high quality bulk single crystal of silicon carbide

in a seeded sublimation system, the improvement comprising:

etching a front face on each of a first and second SiC seed to a depth of greater than
about 20 pm while protecting a back face on each of the first and second SiC seeds by
placing the first and second back faces sufficiently close to one another to shield the back

faces from being etched during etching of the respective unprotected front faces; and

thereafter separating the first and second SiC seeds.

2. A method according to claim 1 further comprising the step of attaching an

unetched back face to a seed holder.

3. A method according to claim 1 wherein the step of protecting a first back face
on a first SiC seed and a second back face on a second SiC seed by placing them close
enough to one another to prevent etching of the first and second back faces comprises placing

the first back face directly against the second back face.

4, A method according to claim 1 comprising etching the front face on each of

the first and second SiC seeds with KOH.
5. A method according to claim 2 wherein the step of attaching the unetched
back face to a seed holder is followed by placing the seed holder in a crucible and initiating

sublimation growth on the etched front face.

6. A method according to claim 5 wherein the step of initiating sublimation

growth on the etched front face comprises initiating on-axis sublimation growth.

13



% A method according to claim 6 wherein the step of initiating sublimation

growth comprises growing a bulk single crystal at substantially the same diameter as the seed

crystal.
5 8. A method according to claim 1 wherein the front face is 0001C and the back
face is 0001Si.
9. A method of producing a high quality bulk single crystal of silicon carbide in

a seeded sublimation system, the method comprising:

10 protecting a first 0001 Si face on a first SiC seed and a second 0001 Si face on a
second SiC seed by placing them sufficiently close to one another to shield the 0001 faces

from being etched during etching of the respective unprotected 0001 C faces;

etching a 0001 C face on each of the first and second SiC seeds to a depth of greater

than about 20 um while protecting the first and second 0001 Si faces;
15 separating the first and second SiC seeds;

thereafter attaching the unetched first 0001 Si face on the first SiC seed to a seed
holder

placing the seed holder in a crucible;
placing SiC source powder in the crucible
20 evacuating the crucible to remove ambient air and other impurities;
placing the crucible under gas pressure;
heating the system to SiC growth temperatures; and

reducing the pressure to initiate SiC growth.

25 10. A method according to claim 9 comprising etching the 0001 C face on each of
the first and second SiC seeds with KOH.

14
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11. A method according to claim 9 wherein the step of attaching the unetched first

0001 Si face to a seed holder comprises placing the seed on a graphite seed holder.

12. A method according to claim 9 further comprising stopping growth by raising
the inert gas pressure in the crucible to above about 400 torr and lowering the temperature to

below about 1900 °C to stop crystal growth.

13. A method according to claim 9 wherein the step of placing the crucible under

gas pressure involves introducing a gas selected from the group consisting of noble gases,

CO, H,, CHy, N1, and mixtures thereof.

14. A method according to claim 9 wherein the step of heating the system to SiC

growth temperatures involves heating to temperatures between about 1900 and 2500 °C.,

15. A method according to claim 9 further comprising the step of introducing
dopant gases to the seeded sublimation system, thereby incorporating dopants into the SiC

single crystal.

16. A method according to claim 9 further comprising annealing the crystal after

the completion of the crystal growth process.

17. A method of producing a high quality bulk single crystal of silicon carbide in

a seeded sublimation system, the method comprising:

reducing the presence of 1¢ screw dislocations at a crystal growth surface by
protecting a first 0001 Si face on a first SiC seed and a second 0001 Si face on a second SiC
seed by placing the seeds sufficiently close to one another to shield the 0001 Si faces from

being etched during etching of the respective unprotected 0001 C faces;

etching a 0001 C face on each of the first and second SiC seeds to a depth sufficient

to remove subsurface damage while protecting the first and second 0001 Si faces;

15
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separating the first and second SiC seeds; and

initiating sublimation growth of silicon carbide on the etched 0001 C face of the SiC

seed crystal.

18. A method according to claim 17 wherein said step of etching a 0001 C face to
a depth sufficient to remove subsurface damage comprises etching to a depth greater than

about 20 pm.

19. A method according to claim 17 further comprising the step of attaching the

unetched second 0001 Si face to a second seed holder.

20. A method according to claim 17 wherein the step of protecting a first 0001 Si
face on a first SiC seed and a second 0001 Si face on a second SiC seed by placing them
close enough to one another to prevent etching comprises placing the first 0001 Si face

directly adjacent the second 0001 Si face.

21 A method according to claim 17 comprises etching a 0001 C face on each of

the first and second SiC seeds with KOH.

22. A method according to claim 17 wherein the step of initiating sublimation

growth on the etched 0001 C face comprises initiating on-axis sublimation growth.

23. A method according to claim 22 wherein the step of initiating sublimation
growth comprises growing a bulk single crystal at substantially the same diameter as the seed

crystal.
24, A method according to claim 17 further comprising annealing the seed holder

prior to sublimation growth to prevent the seed holder from significant distortion during

crystal growth at SiC sublimation temperatures and thereby minimize or eliminate

16
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temperature differences across the seed that would otherwise tend to initiate and propagate

defects in the growing crystal.

25. A method for reducing the presence of subsurface damage on the growth face
of a high quality bulk single crystal silicon carbide during seeded sublimation growth, the

method comprising:

protecting a first 0001 Si face on a first SiC seed and a second 0001 Si face ona
second SiC seed by placing them sufficiently close to one another to shield the 0001 Si faces

from being etched during etching of the respective unprotected 0001 C faces;

etching a 0001 C face on each of the first and second SiC seeds to a depth sufficient

to remove subsurface damage while protecting the first and second 0001 Si faces;
separating the first and second SiC seeds; and

thereafter attaching the unetched first 0001 Si face on the first SiC seed to a seed
holder.

26. A method according to claim 25 wherein the step of etching a 0001 C face on
each of the first and second SiC seeds to a depth sufficient to remove subsurface damage

comprises etching to a depth greater than about 20 wm.

217, A method of protecting a 0001 Si face of a SiC seed during etching, the

method comprising:

placing a first 0001 Si face on a first SiC seed sufficiently close to a second 0001 Si
face on a second SiC seed to prevent etching of the first and second 0001 Si faces during a
KOH etch of a first 0001 C face on the first SiC seed and a second 0001 C face on the second
SiC seed; and

thereafter separating the unetched first and second 0001 Si faces.

17
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28. A method according to claim 27 wherein the first 0001 Si face and the second

0001 Si face are placed directly against one another prior to the KOH etch.

29, A SiC seed with low density of 1¢ screw dislocations, basal plane, and

threading dislocations on a growing surface, the seed comprising:
an unetched 0001 Si face that is flat to within about 10 pm; and

an etched 0001 C face having a 1c¢ screw dislocation density of less than about 2000

cm’”,

30. A SiC seed according to claim 29 further comprising a graphite seed holder
attached to the unetched 0001 Si face.

31. A SiC seed structure comprising:
a first 0001 Si face on a first SiC seed directly against a second 0001 Si face on a

second SiC seed.

32. A SiC seed structure according to claim 31 wherein gaps between the first and

second 0001 Si faces on the first and second SiC seeds are less than about 10 um.

33. A SiC seed structure according to claim 31 wherein gaps between the first and

second 0001 Si faces on the first and second SiC seeds are less than about 5 um.

18



REDUCTION OF 1¢ SCREW DISLOCATIONS IN THE
PRODUCTION OF BULK SiC CRYSTALS

ABSTRACT OF THE DISCLOSURE

The invention is an improvement in a method of producing a high quality bulk single
crystal of silicon carbide in a seeded sublimation system. The improvement includes etching
the front face on each of a first and second SiC seed to a depth of greater than about 20 pm
while protecting the opposite or back face on each of the first and second SiC seeds.
Protection of the front faces occurs by placing the faces sufficiently close to one another to
shield the back faces from being etched during etching of the respective unprotected front
faces. Separation of the first and second SiC seeds occurs after the etching of the front faces

1s complete.

SAFIRM DOCS\S0000419'P0419_spec.doc
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Attorney Docket No. 5308-526

HIGH POWER SILICON CARBIDE (SIC) PIN DIODES HAVING LOW
FORWARD VOLTAGE DROPS

STATEMENT OF GOVERNMENT INTEREST
The present invention was developed with Government support under contract
numbers N00014-02-C-D302, N00014-05-C-0202 and W911NF-04-2-0021. The

Government has certain rights in this invention.

FIELD OF THE INVENTION
The present invention relates to semiconductor devices and, more particularly,

to PiN Diodes.

BACKGROUND OF THE INVENTION

In recent years, advances have been made in the development of silicon carbide
(SiC) PiN diodes. For example, 4H-SiC PiN diodes may have the capability to block
in excess of 20 kV while maintaining a low forward voltage (Vr) 0f 6.3 Vat 3.2 A
(100 A/cm?) as discussed in LATEST ADVANCES IN 4H-SIC PIN AND MOS
POWER DEVICES by M.K. Das (Digest of International Semiconductor Device
Research Symposium, Washington, DC, 2003). However, these SiC PiN diodes suffer
from an increase in Vg under forward bias as discussed in a paper by H. Lendenmann
et al. (Mater. Sci. Forum, 353-356, 727 (2001). Furthermore, technological issues
like, for example, effective edge termination, low resistivity p-type ohmic contacts,
and forward voltage stability have historically hampered PiN diode development as
discussed in, for example, papers by Crofton et al. (Solid-State Electron., vol. 46, p.
689, 2002), H. Lendenmann et al. (Mater. Sci. Forum, Vol. 389-393 p. 1259, 2002)
and J. Sumakeris, et al. (Mater. Sci. Forum, vol. 457-460, p. 1113, 2004).
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SUMMARY OF THE INVENTION

Some embodiments of the present invention Silicon Carbide (SiC) PiN Diodes
having a reverse blocking voltage (Vgr) from about 3.0 kV to about 10.0 kV and a
forward voltage (Vg) of less than about 4.3 V.

In further embodiments of the present invention, the PiN diodes may have an
average forward current (Ir) of not greater than about 420A. In some embodiments of
the present invention, the PiN diodes may have an average forward current (Ir) of not
greater than about 200 A. In certain embodiments of the present invention, the PiN
diode may be operating at a temperature of from about 25 °C to about 530 °C.

In still further embodiments of the present invention, the SiC PiN Diode may
have a Vy of about 10.0 kV, an average Ir of about 50 A, a reverse leakage current
(Ir) of about 0.5 mA, a Vr of about 3.8 V, a reverse recovery time (t;) of about 150
nsec and a reverse recovery charge (Q,;) of about 1.1 nC when operating at a
temperature of about 25 °C.

In some embodiments of the present invention, the SiC PiN Diode may have a
blocking voltage (Vr) of about 10.0 kV, an average Ir of about 50 A, a reverse
recovery time (t,) of about 300 nsec and a reverse recovery charge (Q,) of about 1.6
uC when operating at a temperature of about 150 °C.

In further embodiments of the present invention, the SiC PiN Diode may have
a forward current of about 2 A. In these embodiments of the present invention, the
SiC PiN Diode may be provided on a single chip, the chip being about 2.8 mm by 2.8
mm and the plurality of SiC PiN diodes may have a Vg of less than about 4.0 V, no
less than about seventy percent of the plurality of SiC PiN diodes may have a
blocking voltage of about 6kV and a reverse leakage current (Ig) of not greater than
1.0 mA/cm® and almost all of the plurality of SiC PiN diodes may have a forward
voltage drift of no greater than 0.1V. The SiC PiN Diode may have a total yield of no
less than about seventy percent.

In still further embodiments of the present invention, the SiC PiN Diode may
have a forward current of about 5 A. In these embodiments of the present invention, a
plurality of SiC PiN diodes may be provided on a single chip, the chip being about 2.8
mm by about 4.85 mm and the plurality of SiC PiN diodes may have a V¢ of less than
about 4.0 V, no less than about seventy one percent of the plurality of SiC PiN diodes
may have a blocking voltage of about 6kV and a reverse leakage current (Ir) of not

greater than 1.0 mA/cm? and no less than about ninety six percent of the plurality of
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SiC PiN diodes may have a forward voltage drift of no greater than 0.1V. The SiC
PiN Diode may have a total yield of no less than about sixty five percent.

In some embodiments of the present invention, the SiC PiN Diode may have
forward current of about 25 A. In these embodiments of the present invention, a
plurality of SiC PiN diodes may be provided on a single chip, the chip being about 5.4
mm by about 5.4 mm. The plurality of SiC PiN diodes may have a Vi of less than
about 4.0 V, no less than about fifty percent of the plurality of SiC PiN diodes may
have a blocking voltage of about 6kV and a reverse leakage current (Ir) of not greater
than 1.0 mA/cm” and no less than about eighty seven percent of the plurality of SiC
PiN diodes may have a forward voltage drift of no greater than 0.1V. The chip may
have a total yield of no less than about forty three percent.

In further embodiments of the present invention, the SiC PiN Diode may have
a forward current of about 50 A. In these embodiments of the present invention, the
plurality of SiC PiN diodes may be provided on a single chip, the chip being about
8.65 mm by about 8.55 mm and the plurality of SiC PiN diodes may have a V§ of less
than about 4.0 V, no less than about sixty five percent of the plurality of SiC PiN
diodes may have a blocking voltage of about 6kV and a reverse leakage current (Ir) of
not greater than 1.0 mA/cm” and no less than about ninety six percent of the plurality
of SiC PiN diodes may have a forward voltage drift of no greater than 0.1V. The chip
may have a total yield of no less than about sixty three percent.

In some embodiments of the present invention, the SiC PiN Diode may be a
4H SiC PiN Diode. The SiC PiN Diode may further include an n-type SiC substrate,
an n-type SiC drift layer on the n-type SiC substrate and a p-type SiC Anode injection
layer on the n-type drift layer.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a cross-section illustrating PiN Diodes according to some
embodiments of the present invention.

Figure 2 is a picture illustrating a 3" 4H-SiC wafers with 2A and 5A diodes,
25 A diodes and 50 A diodes from left to right according to some embodiments of the
present invention.

Figure 3 is a graph illustrating reverse voltage (-V) vs. diode leakage current
(A) of a 50 A diode (8.7 mm x 8.7 mm) and a 0.78 A diode according to some

embodiments of the present invention.
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Figure 4 is a graph illustrating forward diode current (A) vs. forward voltage
(V) of a large 10 kV diode with a 3.75 forward drop at 50 A and 5.9 V forward drop
at 328 A according to some embodiments of the present invention.

Figure 5 is a graph illustrating forward current (A) vs. forward voltage (V)
measured at several temperatures according to some embodiments of the present
invention.

Figure 6 is a graph illustrating a dI/dt reverse recovery transient showing fast
turn-off with very little reverse recovery charge for a 10 kV, 20 A device, even at
elevated temperatures according to some embodiments of the present invention.

Figure 7 is a graph illustrating voltage at 50 A/cm* (V) vs. Time (hr) showing
that a novel epitaxy may produce more stable 4H-SiC PiN diodes (forward voltage
stability) according to some embodiments of the present invention.

Figures 8A and 8B are graphs of number of devices vs. forward voltage drift
(mV) for two different types of epitaxy according to some embodiments of the present
invention.

Figure 9A and 9B are reverse blocking wafermaps for different types of
epitaxy according to some embodiments of the present invention.

Figure 10 is a graph of time (hours) vs. current (nA) illustrating room
temperature time dependent reverse leakage current at 5 kV reverse bias of six
packaged 6 kV/25 A 4H-SiC PiN diodes according to some embodiments of the
present invention.

Figure 11 is a graph of voltage (V) vs. current (A) temperature dependent
forward I-V characteristics of Cree 4H-SiC 6 kV/50 A PiN diode
(black) and Powerex 4.5 kV/60 A Si PiN diode (grey) according to some
embodiments of the present invention.

Figure 12 is a graph of time (ns) vs. current (A) illustrating temperature
dependent reverse recovery characteristics of Cree 4H-SiC 6 kV/50 A PiN diode
and Powerex 4.5 kV/60 A Si PiN diode (circles) according to some embodiments of
the present invention.

Figure 13 is a micoropipe distribution map for wafers on which 180 A/4.5 kV
4H-SiC PiN diodes were fabricated according to some embodiments of the present

invention.
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Figure 14 is a photograph illustrating a completed 4.5 kV 4H-SiC PiN diode
wafer, with 180 Amp, 100 Amp, 13 Amp, and 0.2 Amp diodes according to some
embodiments of the present invention.

Figures 15 is a graph illustrating forward characteristics of 180 Amp/4.5 kV
4H-SiC PiN diode according to some embodiments of the present invention.

Figure 16 is a graph illustrating reverse current-voltage characteristics of 180
Amp/4.5 kV 4H-SiC PiN diode according to some embodiments of the present
invention.

Figure 17 is a graph illustrating pulsed forward current characteristics of a
packaged 180 A (at 100 A/cm?), 4.5 kV 4H-SiC PiN diode at 25°C according to some
embodiments of the present invention.

Figure 18 is a graph illustrating reverse I-V characteristics of packaged 180 A,
4.5 kV 4H-SiC PiN diode at 25°C according to some embodiments of the present

invention.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

The present invention now will be described more fully hereinafter with
reference to the accompanying drawings, in which embodiments of the invention are
shown. However, this invention should not be construed as limited to the
embodiments set forth herein. Rather, these embodiments are provided so that this
disclosure will be thorough and complete, and will fully convey the scope of the
invention to those skilled in the art. In the drawings, the thickness of layers and
regions are exaggerated for clarity. Like numbers refer to like elements throughout.
As used herein the term "and/or" includes any and all combinations of one or more of
the associated listed items.

The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the invention. As used herein,
the singular forms "a", "an" and "the" are intended to include the plural forms as well,
unless the context clearly indicates otherwise. It will be further understood that the
terms "comprises" and/or "comprising," when used in this specification, specify the
presence of stated features, integers, steps, operations, elements, and/or components,
but do not preclude the presence or addition of one or more other features, integers,

steps, operations, elements, components, and/or groups thereof.



10

15

20

25

30

It will be understood that when an element such as a layer, region or substrate
is referred to as being "on" or extending "onto" another element, it can be directly on
or extend directly onto the other element or intervening elements may also be present.
In contrast, when an element is referred to as being "directly on" or extending
"directly onto" another element, there are no intervening elements present. It will also
be understood that when an element is referred to as being "connected" or "coupled"
to another element, it can be directly connected or coupled to the other element or
intervening elements may be present. In contrast, when an element is referred to as
being "directly connected" or "directly coupled" to another element, there are no
intervening elements present. Like numbers refer to like elements throughout the
specification.

It will be understood that, although the terms first, second, etc. may be used
herein to describe various elements, components, regions, layers and/or sections, these
elements, components, regions, layers and/or sections should not be limited by these
terms. These terms are only used to distinguish one element, component, region,
layer or section from another region, layer or section. Thus, a first element,
component, region, layer or section discussed below could be termed a second
element, component, region, layer or section without departing from the teachings of
the present invention.

Furthermore, relative terms, such as "lower" or "bottom" and "upper" or "top,"
may be used herein to describe one element's relationship to another elements as
illustrated in the Figures. It will be understood that relative terms are intended to
encompass different orientations of the device in addition to the orientation depicted
in the Figures. For example, if the device in the Figures is turned over, elements
described as being on the "lower" side of other elements would then be oriented on
"upper" sides of the other elements. The exemplary term "lower", can therefore,
encompass both an orientation of "lower" and "upper," depending of the particular
orientation of the figure. Similarly, if the device in one of the figures is turned over,
elements described as "below" or "beneath" other elements would then be oriented
"above" the other elements. The exemplary terms "below" or "beneath" can, therefore,
encompass both an orientation of above and below. Furthermore, the term "outer"
may be used to refer to a surface and/or layer that is farthest away from a substrate.

Embodiments of the present invention are described herein with reference to

cross-section illustrations that are schematic illustrations of idealized embodiments of



10

15

20

25

30

the present invention. As such, variations from the shapes of the illustrations as a
result, for example, of manufacturing techniques and/or tolerances, are to be expected.
Thus, embodiments of the present invention should not be construed as limited to the
particular shapes of regions illustrated herein but are to include deviations in shapes
that result, for example, from manufacturing. For example, an etched region
illustrated as a rectangle will, typically, have tapered, rounded or curved features.
Thus, the regions illustrated in the figures are schematic in nature and their shapes are
not intended to illustrate the precise shape of a region of a device and are not intended
to limit the scope of the present invention.

Unless otherwise defined, all terms (including technical and scientific terms)
used herein have the same meaning as commonly understood by one of ordinary skill
in the art to which this invention belongs. It will be further understood that terms,
such as those defined in commonly used dictionaries, should be interpreted as having
a meaning that is consistent with their meaning in the context of the relevant art and
the present disclosure and will not be interpreted in an idealized or overly formal
sense unless expressly so defined herein.

It will also be appreciated by those of skill in the art that references to a
structure or feature that is disposed "adjacent" another feature may have portions that
overlap or underlie the adjacent feature.

Silicon carbide power devices based on 4H polytype silicon carbide (4H-SiC)
according to some embodiments of the present invention have the potential to
revolutionize the power semiconductor industry. Benefitting from an order of
magnitude larger critical electric field than silicon (Si) and sufficiently high carrier
mobility, 4H-SiC power devices may be designed with thinner, heavier doped drift
layers, which may enable high voltage capability with low conduction and switching
losses. The advantages of SiC are discussed in a paper by Singh et al. (IEEE Trans.
Electron Dev., vol. 49, p. 2054, 2002) the disclosure of which is hereby incorporated
herein by reference in its entirety. Furthermore, the wide bandgap may enable high
temperature operation well beyond the limits of conventional packaging. PiN diodes
have been shown to operate at elevated temperatures up to 800 K as discussed in
HIGH-TEMPERATURE (UP TO 773K) OPERATION OF 6-KV 4H-SIC
JUNCTION DIODES to Levinshtein, et al. (Solid-State Electronics; July 2005, Vol.
49 Issue 7, pages 1228-1232, the disclosure of which is hereby incorporated herein by
reference as if set forth in its entirety. 4H-SiC Schottky diodes are supplanting Si in



10

15

20

25

30

300 V —1200 V applications. For even higher voltage applications, the rectifier of
choice appears to be the 4H-SiC PiN diode, which has been demonstrated to block up
to 20 kV with low Vg of 6 V as discussed in LATEST ADVANCES IN 4H-SIC PIN
AND MOS POWER DEVICES by Das (Digest of International Semiconductor
Device Research Symposium, Washington, DC, 2003, the disclosure of which is
incorporated herein by reference as if set forth in its entirety.

However, as discussed above, technological issues like effective edge
termination, low resistivity p-type ohmic contacts, and forward voltage stability have
historically hampered PiN diode development. Thus, some embodiments of the
present invention provide from 6 kV to about 10 kV, up to 50 A, 4H-SiC PiN diodes
that may not expericence the problems of existing SiC PiN diodes. In particular, high
power 10 kV, up to 50 A, SiC PiN diodes having a low forward voltage drop (Vr) of
3.75 V and a fast reverse recovery time of 150 nsec are provided according to some
embodiments of the present invention.

Furthermore, SiC PiN diodes according to some embodiments of the present
invention may not experience the historical problems with the SiC PiN diode
technology, such as ineffective edge termination (Vgp increased to > 70% of ideal
breakdown voltage), poor ohmic contacts to p-type SiC (pc reduced to < 10 Qem?),
and forward voltage drift (AVr reduced to < 0.1 V). Some embodiments of the
present invention have addressed these issues with design, material, and process
improvements which have resulted in high overall device yields according to some
embodiments of the present invention as will be discussed further below with respect
to Figures 1 through 18.

Exemplary devices according to some embodiments of the present invention
are schematically illustrated in Figure 1. However, embodiments of the present
invention should not be construed as limited to the particular exemplary embodiments
described herein but may include any suitable structure that provides PiN Diode
characteristics as described herein.

Referring first to Figure 1, a cross section of PiN diodes, for example, a 10
kV, 4H-SiC PiN diode, according to some embodiments of the present invention will
be discussed. As illustrated in Figure 1, a substrate 100 is provided on which PiN
Diodes according to some embodiments of the present invention may be formed. In
particular embodiments of the present invention, the substrate 100 may be a

conducting n-type silicon carbide (SiC) substrate that may be, for example, 4H
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polytype of silicon carbide. The substrate 100 may have a resistivity of from about
0.017 to about 0.022. An n-type drift layer 110 is provided on the substrate 100. The
n-type drift layer may have a thickness of about 100 um and a carrier concentration of
about 2 X 10"cm’. A p-type anode injection layer 127 is provided on the drift layer
110. The p-type anode injection layer 127 may have a thickness of about 2.5 pm and
a carrier concentration of about 8 X 10'®cm’. The p-type anode injection layer 127
may be doped with aluminum (Al). The p-type anode injection layer 127 may have
first and second portions. A first portion may be a p' layer having a carrier
concentration of about 8 X 10'®cm’. A second layer may be provided on the first
layer. The second layer may be ap' " layer having a carrier concentration of 5 X
10%%m’.

The n-type drift layer 110 and the p-type anode injection layer 127 may be
epitaxial layers that are continuously grown on the substrate, for example, a 0.6 cm™
micropipe density 8° off-axis (0001) 4HN 3 inch substrate 100. The epitaxial layers
may be fabricated using, for example, the process described in United States Patent
Publication No. US 2005/0064723 to Sumakeris, the disclosure of which is hereby
incorporated by reference as if set forth in its entirety. Other low BPD epitaxial
processes discussed in, for example, a paper by Sumakeris et al. (Mater. Sci. Forum,
457-460, 1113 (2004)) and Sumakeris et al. ICSCRM 2005, Pittsburgh, PA (2005))
the disclosures of which are hereby incorporated herein by reference in their entirety.

The device is mesa isolated by etching down to the n” drift layer 110 in the
field areas using, for example, a reactive ion etch (RIE). Mesa areas for each diode
design were based on a designed current density of 100 A/cm” for 2 A, 5 A, and 50 A
diodes, or 142 A/cm2 for 25 A diodes, with mesas measuring 1.46 mm x 1.46 mm (2
A), .46 mm x 3.51 mm (5 A), 4.21 mm x 4.21 mm (25 A), and 7.08 mm x 7.08 mm
(50A).

It will be understood that the mesa sizes discussed herein are provided for
exemplary purposes and embodiments of the present invention are not limited to this
configuration. For example, the mesa sizes discussed above may only correspond to 6
kV diodes according to some embodiments of the present invention. It will be further
understood that mesa sizes may vary slightly for different blocking thicknesses. Thus,
for example, a mesa for a S0A/10kV diode may have slightly different dimensions

than a mesa for a 50A/6kV diode.
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An aluminium (Al) implanted guard ring-based termination 115 is
provided/formed around the device periphery while a nitrogen (N) implanted channel
stop regions 125 ground the field area away from the devices. The implants are
activated with a 1600-1650°C Argon (Ar) anneal in the presence of silicon (Si1)
overpressure.

In some embodiments of the present invention, a junction termination
extension (JTE) technique may be used as discussed in Multiple-Zone Single-Mask
Junction Termination Extension: A High-Yield Near-ldeal Breakdown Voltage
Technology by Trantraporn et al. (IEEE TRATISACTIONS ON ELECTRON
DEVICES, Vol. ED-34, No. 10, OCTOBER 1987), the disclosure of which is
incorporated herein by reference as if set forth in its entirety.

A passivation layer 120 is provided on the surface of the device. The
passivation layer 120 may be formed using a two step passivation process. A first
portion of the passivation layer 120 is thermally grown to a thickness of from about
600 A to about 700 A. A second portion of the passivation layer 120 may be provided
on the first portion. The second portion may be deposited on the first portion using,
for example, a chemical vapor deposition (CVD) process at a temperature of about
410 °C. The second portion may have a thickness of about 1 um. The passivation
layer 120 may include silicon dioxide (SiO;) and/or polymide. An ohmic contact 131
including, for example, titanium/aluminium (Ti-Al) is provided on the anode injection
layer 127. An ohmic contact 130 including, for example, nickel (Ni) is provided on
the cathode. The contacts were annealed at 1000°C in Ar. As used herein the term
"ohmic contact" refers to contacts where an impedance associated therewith is
substantially given by the relationship of Impedance = V/I, where V is a voltage
across the contact and I is the current, at substantially all expected operating
frequencies (i.e., the impedance associated with the ohmic contact is substantially the
same at all operating frequencies) and currents. Gold (Au) overlayers 140 and 141
are provided on the ohmic contacts 130 and 131, respectively, to aid in current
spreading and/or die attach. In other words, sintered Ti-Al and Ni contacts 130 and
131 are made to the anode and cathode, respectively, before depositing thick Au
overlayers 140 and 141.

PiN Diodes according to some embodiments of the present invention, for

example, SOA PiN diodes, may be provided on 8.7 mm x 8.7 mm chips, which have a
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0.50 cm” active area. In some embodiments of the present invention, a total of 48
chips can be fabricated on a single 3 inch wafer as illustrated, for example, in Figure
2. In particular, Figure 2 illustrates completed wafers with, from left to right, 2 A and
5 A diodes (combined on one wafer), 25 A diodes, and 50 A diodes.

Referring now to Figure 3, a graph illustrating Reverse Voltage (-V) vs. Diode
Leakage Current (A) of a 50 A diode (8.7 mm x 8.7 mm) and a 0.78 A diode
according to some embodiments of the present invention will be discussed. Figure 3
illustrates the reverse blocking capability of a typical PiN diode. Reverse blocking is
measured out to 9 kV where the leakage current exceeds the current compliance limit
of the measurement apparatus. Extrapolating the leakage current to 10 kV a low
leakage current density of approximately 1 mA/cm? (based on a device footprint of
0.615 cm?) is estimated. The validity of this extrapolation is contingent on the
absence of avalanching prior to 10 kV. Reverse operation of small 0.78 A diodes
confirm full 10 kV blocking capability without any premature avalanche as illustrated
in Figure 3. Hence, a 10 kV blocking capability is implied for the large devices
blocking, such as greater than 7 kV. As illustrated in Figure 3, the large diode
demonstrates greater than 9 kV blocking that is current compliance limited. The
dashed line extrapolates the reverse blocking to 10 kV with only 1 mA/cm®. The
small diode confirms 10 kV capability.

Referring now to Figure 4, pulsed forward I-V characteristic of a large 10 kV
diode with a 3.75 V forward drop at 50 A and 5.9 V forward drop at 328 A indicating
a high level of conductivity modulation. As illustrated in Figure 4, a low forward
voltage drop of 3.75 V is observed at 50 A (100 A/cm?) indicating a high degree of
conductivity modulation. 4H-SiC PiN diodes are capable of handling very high
current densities and we have measured this large device out to a pulsed current of
328 A (656 A/cm?) at a low forward drop of 5.9 V. For a single chip, this
demonstrates over 3 MW of pulsed power. As illustrated in Figure 5, these devices
also show excellent forward characteristics with respect to temperature.

Referring now to Figure 5, forward I-V curve measured at several
temperatures on a small 10 kV device where a positive temperature coefficient at high
current density facilitates device paralleling. The differential resistance at low current
density remains constant versus temperature because the increase in carrier lifetime is
balanced by the reduction in carrier mobility and diffusivity. The V at low current

densities decreases slightly with temperature due to bandgap narrowing effects that
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reduce the built-in potential. This introduces a concern for thermal runaway.
However, at high current densities, the behavior reverses to a positive temperature
coefficient, thereby making these devices attractive for use in a parallel configuration.

Referring now to Figure 6, a graph illustrating a dI/dt reverse recovery
transient showing fast turn-off with very little reverse recovery charge for a 10 kV,
20 A device, even at elevated temperatures according to some embodiments of the
present invention will be discussed. Large dI/dt reverse recovery transient showed
fast turn-off with very little reverse recovery charge for a 10 kV, 20 A device, even at
elevated temperatures. One potential drawback of a well modulated PiN diode is that
the switching ability may suffer, especially the turn-off transient, due to the extra time
needed for carrier removal in the drift layer. As illustrated in Figure 6, the reverse
recovery of the 10 kV diodes shows a fast 150 nsec recovery at room temperature
with very little reverse recovery charge despite an aggressive dI/dt of 330 A/usec. At
elevated temperatures, the high speed switching capability remains intact with very
minimal charge increase and a 300 nsec recovery time.

To be a commercially viable product, stable device performance should be
demonstrated across the entire wafer. Historically, the 4H-SiC PiN diodes have
suffered from forward voltage instability, where the Vi may increase by several volts
during forward operation as discussed in H. Lendenmann et al. (Mater. Sci. Forum,
Vol. 389-393 p. 1259, 2002), the disclosure of which is incorporated herein by
reference as if set forth in its entirety. As discussed in Sumakeris, et al. (Mater. Sci.
Forum, vol. 457-460, p. 1113, 2004), under forward bias, bipolar current flow in the
"i" layer causes electron-hole recombination; the recombination provides energy to
the lattice allowing basal plane screw dislocations (BPD) to generate stacking faults;
the stacking fault becomes negatively charged by trapping electrons; electron
injection is attenuated at the cathode with a corresponding reduction of hole injection
at the anode; the area under the fault becomes devoid of plasma thereby reducing the
effective current handling area of the device; and a larger amount of forward bias is
now needed to maintain the same forward current level.

Hence, the key to producing drift-free PiN structures is the reduction of BPDs.
Typically, the areal density of BPDs in the substrate is ~2000 cm™ of which 90% can
be turned into relatively benign threading edge dislocations in epitaxy. Recent
innovations have reduced the epilayer BPD density below 10 cm™ as discussed in

Sumakeris, et al. (Mater. Sci. Forum, vol. 457-460, p. 1113, 2004) such that the

12



devices have become fairly well behaved as illustrated in Figure 7. Devices can now
be effectively screened for their Vg stability by a simple on-wafer 30 min constant
current stress at 50 A/cm” as discussed in B.A. Hull et al. (J Electron. Mater-., vol. 34,

no. 4, 2005), the disclosure of which is hereby incorporated herein by reference as if

5  set forth in its entirety.

Referring now to Figures 8A and 8B, graphs of number of devices vs. forward
voltage drift (mV) for two different types of epitaxy according to some embodiments
of the present invention will be discussed. The histograms of Figures 8A and 8B
illustrate the number of stable devices by binning the devices according to the amount

10 of forward voltage increase after the forward stress. Using 100 mV as an acceptable
amount of Vg drift, we observe that the drift yield increased from 17% to 67% by
incorporating the novel epitaxy while not compromising the reverse blocking yield as
illustrated in Figures 9A and 9B. Figures 9A and 9B are reverse blocking wafermaps
for different types of epitaxy according to some embodiments of the present

15  invention.

Epitaxy BPD | Device | Drift | 10 kV | Total
(cm?) Yield | Yield | Yield
Original 180 50A | 17% | 37% 6 %
Process
New 20 50A [67% | 35% | 23%
Process
TABLE 1

Table 1 illustrates progress toward making the large hero devices more
prevalent across the wafer. Overall device yield is a respectable 23% for 10 kV 50 A

20  PiN diodes having improved by nearly 4x over the previous technology.

Thus, as discussed herein, according to some embodiments of the present
invention, state-of-the-art 10 kV, 50 A 4H-SiC diodes have been fabricated with low
Vr of 3.75 V, fast switching, and stable operation with respect to temperature.

Characteristic Cree Pwrex VMI
S u SiC Si UF Si
ymbol nits
25°C Peak Reverse Blocking VRRM kV 10 9.0 10
25°C Reverse Leakage Current at Vrrm | IrrM mA 0.5 1.0 0.1
25°C Average Forward Current lray | Amps 50 60 50
25°C Forward Voltage at Iy VE Volts 3.8 124 14.0
25°C Reverse Recovery Time ter nsec 150 230 100
25°C Reverse Recovery Charge Qi uC 1.1 11 5
150°C Reverse Recovery Time HT t, nsec 300 - 500
150°C Reverse Recovery Charge HT Q uC 1.6 - 24.75
TABLE 2
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Table 2 illustrates how the 4H-SiC PiN diodes compare with similarly rated Si
rectifier stacks. In addition to the simplicity of a single chip, the 4H-SiC PiN diode
offers a lower forward voltage drop, reduced reverse recovery charge, and excellent
high temperature characteristics where the switching is well behaved and the on-
current does not require additional derating. With the advent of >20% overall device
yield, a significant step has been made in the evolution of a commerically viable SiC
PiN diode technology expected to meet the demands of high voltage, high frequency
power conversion applications.

In some embodiments of the present invention the epitaxial layers may be
formed as discussed in EVOLUTION OF DRIFT-FREE, HIGH POWER 4H-SIC PIN
DIODES to Das et al. (ICSCRM 2005, Pittsburg, PA, 2005), the disclosure of which
is hereby incorporated herein by reference as if set forth in its entirety.

Results according to further embodiments of the present invention will now be
discussed with respect to Figures 10 through 12. Table 3 summarizes the wafer-level
yield statistics for the best yielding wafers of various current rated PiN diodes that are
designed to block 6kV according to some embodiments of the present invention. As
illustrated in Table 3, the best total wafer yield of 69 percent was achieved on 2A
diodes. Nevertheless, even on a 50 A diode wafer, with a die size of 8.64 mm x 8.56
mm, a total yield of 62 percent was achieved. The best total yield achieved on a 25 A
wafer was somewhat lower, at 43 percent, but the 25 A diode wafers were fabricated
with previous generation epitaxial growth and device fabrication processes. The latest
results from the 2 A/5 A and 50 A diode designs, wafer-level device yields that
indicate the commercial viability of the 4H-SiC PiN diode technology have been

achieved.

Diode Chip dimensions Ve Yield 6 kW Blocking Yield Vi Drift Yield
Rating mit V=40V Ip = 1 mAem” AVE=01 W Total Yield

S0 A S04 x 856 100% 6:4.4% 96 6% 62 2%

%25 Amp diode wafer was from an earlier generation process
TABLE 3
Referring now to Figure 10, time dependent leakage current of six packaged 6
kV/25 A 4H-SiC PiN diodes under long term reverse bias at 5 kV will be discussed.

As illustrated therein, during 900 hours at 5 kV reverse bias, the maximum increase in
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leakage current for any diode was 6 pA. However, some arcing between package
leads was observed during testing (especially with increases in humidity) and no
effort to separate diode leakage currents from package leakage currents were made.
Thus, reverse leakage current increases could not be attributed to the diodes
themselves. No change in the forward I-V characteristics were observed following
long-term reverse biasing.

Referring now to Figure 11, the temperature dependent forward current-
voltage (I-V) characteristics of a 50 A 4H-SiC PiN diode along with those of a 4.5
kV/60 A Si PiN diode will be discussed. The 4H-SiC PiN diode was taken to 60 A
(120 A/cm?) to provide a suitable comparison to the Si PiN diode. At 60 A, the Vg of
the SiC diode was 0.75 V lower than the Si diode at room temperature, corresponding
to a 45 W decrease in DC forward dissipated power, or a reduction of 18 percent. At
150°C, the 4H-SiC PiN diode reduced the power dissipation by 32 W at 60 A, or 14
percent, from that of the Si PiN diode.

Referring now to Figure 12, a comparison of the reverse recovery transients at
25°C and 150°C of the 4H-SiC PiN diode and the Si PiN diode will be discussed.
Furthermore, peak reverse recovery current (Irym), reverse recovery time (t), stored

charge (Qy), and stored energy (E,;) are presented in Table 4 for all conditions tested.

Peak Reverse Current, Reverse Recovery Stored Charge, () Stored Energy, Ly
Lo [ Amps] lime, 1, [nsec] [uC] [mJ]]

25°( 08 54.8 270 360 1.7 1.8

507 13.3 56.6 300 375 7.
[ 007C 52.1 60,1 360 130 .2 158 31 I
| 50°C 015 66.3 140 190 15.7 19,1 13 3

TABLE 4

The diodes were switched from a nominal 50 A DC forward current to -500 V
reverse bias at a 300 A/us switching transient. At all temperatures the 4H-SiC PiN
diode showed significantly lower Iry, tir, Qrr, and Err than the Si PiN diode. Based on
measured Err, switching loss power savings for the 4H-SiC PiN diode range from 20
percent at 150°C to 44 percent at 25°C. Due to the need for separating the
diode (at temperature) from the test switch (at room temperature), parasitic inductance
and resistance in the circuit wires may be artificially skewing the reverse recovery
characteristics to longer recovery times and higher energies. However, no alterations

to the test circuit were made between testing the 4H-SiC diode and the Si diode, thus
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providing an accurate comparison. Reverse recovery switching bias was limited to a
500 V reverse bias by limitations in test equipment.

Results according to further embodiments of the present invention will now be
discussed with respect to Figures 13 through 16. A 4H-SiC PiN diode that blocks up
to about 4.5 kV and conducts up to about 180 A (at 100A/cm2) under a low forward
voltage (VF) of 3.5 V is provided. This single-chip 4H-SiC PiN diode, at 1.5 cm x
1.5 cm, is the largest discrete 4H-SiC power device ever reported, with over 2 times
the area of the previous largest chip,a 1 cm x 1 cm, 100 A 4H-SiC thyristor as
discussed in Agarwal et al. (ICSCRM 2005, Pittsburgh, PA, (Sept. 2005)), the
disclosure of which is incorporated herein by reference as if set forth in its entirety.
The diode exhibited a leakage current of less than about 5.0 pA at 4.5 kV, or less than
2.8 pA/em?, giving a rated forward current to reverse leakage current ratio of greater
than about 3 x 107. Successful fabrication of such a large discrete 4H-SiC PiN diode
with such exceptional breakdown characteristics is a testament to the advances in SiC
materials and device fabrication technologies.

The 180 A/4.5 kV 4H-SiC PiN diodes were fabricated on 3 inch 4H-SiC
wafers cut 8° off of the [0001] basal plane. A exemplary micropipe map of the
wafers is illustrated in Figure 13. The wafers had an overall micropipe density of 0.2
micropipes/cm’, with a total of 10 micropipes on wafer, which to date is one of the
best micropipe densities achieved in any 3 inch 4H-SiC boule ever grown at Cree as
discussed in Powell (Industrial News Session, ICSCRM 2005, Pittsburgh, PA, (Sept.
2005)), the disclosure of which is incorporated herein by reference as if set forth in its
entirety. Furthermore, all but one of the micropipes were located near the wafer
periphery for an effective micropipe density of 0.03/cm” over the central 70% of the
wafer area. A N-doped 50 pm thick epitaxial layer doped 2.0 x 10'*cm™ and an Al
doped 2.5 um thick epitaxial layer doped at 8.0 x 10'® cm™ were grown continuously
in one epitaxial run. An epitaxial process that reduces the density of screw-type
[0001] basal plane dislocations (BPD) in the epitaxial film to suppress the irreversible
increase in VF (VF drift) typically seen in 4H-SiC PiN diodes was used. Such an
epitaxial process is discussed in, for example, Sumakeris, et al. (Mater. Sci. Forum,
vol. 457-460, p. 1113, 2004), the disclosure of which is incorporated herein by
reference as if set forth in its entirety. Diode mesas measuring 13.58 mm per side
(180 A diodes) or 10.01 mm per side (100 A diodes) were isolated with a reactive ion
etch.
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A p-type multi-zone junction termination extension (JTE) was then ion
implanted around the mesa peripheries, followed by an n-type channel stop around the
chip peripheries. Following implant activation at 1650°C, the diodes were passivated
with a 1.0 pm SiO; layer, and ohmic contacts were deposited on the anode and
cathode and were annealed at 1000°C in Argon. Finally thick Au layers
were deposited on the anode and cathode contacts for current spreading and die-
attach.

A photograph of a completed wafer is illustrated in Figure 13. Furthermore, Figures
14 and 15 illustrate on-wafer diode forward and the optimum reverse I-V
characteristics of a 180 A diode. The Vy at 180 A was 3.5 V, and the reverse leakage
current at 4.5 kV was 2.0 pA, or 1.1 pA/cm2. There was a sharp increase in the
reverse leakage current near 4.5 kV, showing well behaved avalanche breakdown
characteristics. On the best wafer (of two), five of the six 180 A diodes reached the
blocking specification of less than 900 pA (0.5 mA/cm?2) at 4.5 kV, and the overall lot
yield was 8 diodes of 12. This phenomenal single

wafer device yield of 83% (or 67% total lot yield) demonstrates that extremely high
power, discrete SiC devices are commercially feasible with current state of the art 4H-
SiC substrates, epitaxy, and device processing.

Results according to further embodiments of the present invention will now be
discussed with respect to Figures 17 through 18. Figure 17 is a graph illustrating
pulsed forward current characteristics of a packaged 180 A (at 100 A/cm?), 4.5 kV
4H-SiC PiN diode at 25°C and a maximum pulsed current of 420 Amps at 3.36 Volts
forward bias. Furthermore, Figure 18 is a graph illustrating Reverse I-V
characteristics of a packaged 180 A, 4.5 kV 4H-SiC PiN diode at 25°C.

In the drawings and specification, there have been disclosed typical
embodiments of the invention, and, although specific terms have been employed, they
have been used in a generic and descriptive sense only and not for purposes of

limitation.
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THAT WHICH IS CLAIMED IS:

1. A Silicon Carbide (SiC) PiN Diode having a reverse blocking voltage
(Vr) from about 3.0 kV to about 10.0 kV and a forward voltage (V) of less than
about 4.3 V.

2. The SiC PiN Diode of Claim 1 having an average forward current (I)
of not greater than about 420 A.

3. The SiC PiN Diode of Claim 2 having an average forward current (Ir)
of not greater than about 200 A.

4. The SiC PiN Diode of Claim 2 operating at a temperature of from
about 25 °C to about 530 °C.

5. The SiC PiN Diode of Claim 4 having a Vr of about 10.0 kV, an
average Iy of about 50 A, a reverse leakage current (Ir) of about 0.5 mA, a Vg of
about 3.8 V, a reverse recovery time (t;) of about 150 nsec and a reverse recovery

charge (Qy) of about 1.1 uC when operating at a temperature of about 25 °C.

6. The SiC PiN Diode of Claim 4 having a blocking voltage (Vr) of
about 10.0 kV, an average Iy of about 50 A, a reverse recovery time (t,) of about 300
nsec and a reverse recovery charge (Q,;) of about 1.6 uC when operating at a

temperature of about 150 °C.

7. The SiC PiN Diode of Claim 1 having a forward current of about 2 A:

wherein a plurality of SiC PiN diodes are provided on a single chip, the chip
being about 2.8 mm by 2.8 mm,;

wherein the plurality of SiC PiN diodes have a V¢ of less than about 4.0 V, no
less than about seventy percent of the plurality of SiC PiN diodes have a blocking
voltage of about 6kV and a reverse leakage current (Iz) of not greater than 1.0
mA/cm’ and almost all of the plurality of SiC PiN diodes have a forward voltage drift
of no greater than 0.1V.
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8. The SiC PiN Diode of Claim 7, wherein the chip has a total yield of no

less than about seventy percent.

9. The SiC PiN Diode of Claim 1 having a forward current of about 5 A:

wherein a plurality of SiC PiN diodes are provided on a single chip, the chip
being about 2.8 mm by about 4.85 mm;

wherein the plurality of SiC PiN diodes have a V of less than about 4.0 V, no
less than about seventy one percent of the plurality of SiC PiN diodes have a blocking
voltage of about 6kV and a reverse leakage current (Ir) of not greater than 1.0
mA/cm” and no less than about ninety six percent of the plurality of SiC PiN diodes

have a forward voltage drift of no greater than 0.1V.

10. The SiC PiN Diode of Claim 9, wherein the chip has a total yield of no

less than about sixty five percent.

11. The SiC PiN Diode of Claim 1 having a forward current of about 25 A:

wherein a plurality of SiC PiN diodes are provided on a single chip, the chip
being about 5.4 mm by about 5.4 mm;

wherein the plurality of SiC PiN diodes have a Vr of less than about 4.0 V, no
less than about fifty percent of the plurality of SiC PiN diodes have a blocking voltage
of about 6kV and a reverse leakage current (Ig) of not greater than 1.0 mA/cm? and no
less than about eighty seven percent of the plurality of SiC PiN diodes have a forward
voltage drift of no greater than 0.1V.

12. The SiC PiN Diode of Claim 11, wherein the chip has a total

yield of no less than about forty three percent.

13. The SiC PiN Diode of Claim 1 having a forward current of about 5 A:

wherein a plurality of SiC PiN diodes are provided on a single chip, the chip
being about 8.65 mm by about 8.55 mm;

wherein the plurality of SiC PiN diodes have a Vr of less than about 4.0 V, no
less than about sixty five percent of the plurality of SiC PiN diodes have a blocking

voltage of about 6kV and a reverse leakage current (Ir) of not greater than 1.0
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mA/cm’ and no less than about ninety six percent of the plurality of SiC PiN diodes

have a forward voltage drift of no greater than 0.1V.

14. The SiC PiN Diode of Claim 13, wherein the chip has a total yield of

no less than about sixty three percent.

15. The SiC PiN Diode of Claim 1, wherein the SiC PiN Diode comprises
a 4H SiC PiN Diode.

16. The SiC PiN Diode of Claim 15, wherein the SiC PiN Diode further
comprises:

an n-type SiC substrate;

an n-type SiC drift layer on the n-type SiC substrate; and

a p-type SiC Anode injection layer on the n-type drift layer.

17. A 4H Silicon Carbide (SiC) PiN Diode having a reverse blocking
voltage (Vr) from about 3.0 kV to about 10.0 kV and a forward voltage (V) of less
than about 4.3 V, an average forward current of not greater than about 420 A and

operating at a temperature of from about 25 °C and about 530 °C.

18. The SiC PiN Diode of Claim 17, wherein the SiC PiN Diode further
comprises:

an n-type SiC substrate;

an n-type SiC drift layer on the n-type SiC substrate; and

a p-type SiC Anode injection layer on the n-type drift layer.

19. A PiN Diode having a reverse blocking voltage (Vgr) of about 10.0 kV,
a forward current of no greater than about 50 A and a forward voltage (Vy) of less

than about 3.8 V.

20. The PiN Diode of Claim 19 having a reverse recovery charge of less
than 5.0 uC when operating at a temperature of 25 °C.
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21. The PiN Diode of Claim 20, wherein the reverse recovery charge is

less than 2.0 uC when operating at a temperature of 25 °C.

22. The PiN Diode of Claim 21, wherein the PiN Diode comprises a 4H
silicon carbide (SiC) diode.

23. The PiN Diode of Claim 19 having a reverse recovery charge of less

than 24.0 uC when operating at a temperature of 150 °C.

24. The PiN Diode of Claim 23, wherein the reverse recover charge is less

than 2.0 uC when operating at a temperature of 150 °C.

25. The PiN Diode of Claim 24, wherein the PiN Diode comprises a 4H
silicon carbide (SiC) diode.
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HIGH POWER SILICON CARBIDE (SIC) PIN DIODES HAVING LOW
FORWARD VOLTAGE DROPS

ABSTRACT OF THE DISCLOSURE
Silicon Carbide (SiC) PiN Diodes are provided having a reverse blocking
voltage (Vr) from about 3.0 kV to about 10.0 kV and a forward voltage (V) of less
than about 4.3 V.

Doc # 471877
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Pursuant to FAR 52.227-12(c)(1), this written report is being submitted to the Contracting Officer as an
aftachment to form DD-882 (or equivalent patent repart form)  As required, this report (1) identifies the
contract under which the invention was made; (2) identifies the inventor(s), (3} contains a description of
the invention sufficiently complete in technical detail fo convey a clear understanding of the nature,
purpose, operation, and physical, chemical, bioiogical, or efectrical characteristics of the invention; (4)
identifies any publication, on sale, or public use of the invention; and (&) identifies any aniicipated
publication, on sale, or public use of the invention.

- | PO396

| Excess Silane Abatement Device

| Michael O’Loughlin

| Office of Naval Research (DARPA)

N00014-02-C-0302

To reduce silane concentration in SiC epi reactor exhaust

| systems, a surface is provided within the ehaust path which

| removes silane from the gas flow. The surface may be a vane
| or wedge shape fixed wilhin the cenler of the exhaust path.

|
|

None

None

*Examples - publications, offers for sale, sales, discussions with suppiiers or customers

Cree Confidential — For Government Purposes Only
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Pursuant to FAR 52.227-12(c)(1).. this written report is being submitted to the Contracting Ofiicer as an
attachment to form DD-882 (or equivalent patent report form). As required, this report: (1} identifies the
vonbract under which the invention was made; (2) identifies the inventor(s); (3} contains a description of
the invention sufficiently complete in technical detail {o convey a clear understanding of the nafure,
purpose, operation, and physical, chemical, biological, or electrical characteristics of the invention; (4)
identifies any publicafion, on sale, or public use of the invention, and (5) identifies any anticipated
publication, on sale, or public use of the invention.

oo PO384

| Bulk Silicon Carbide Single Crystal Growth without
| Polycrystalline Rim

| Valeri Tsvetkov, Mark Brady

| Office of Naval Research (DARPA)

Cree Referenice No
Tith ntio

| N0O0014-02-C-0302
| Apparatus for bulk growth of SiC via sublimation includes a
| seed holder and seed cap surmounting a cylindrical growth
| chamber. The interior lining of the cylindrical growth chamber
| comprises a filler ring that defines a space into which the
| crystal grows. The filler ring is formed of high-density
rigid/solid carbon that resists etching and silicon vapor
prenetration, resuiting in reduced formation of polycrystalline
material in the growth chamber and in the growing crystal,

/| None

*Examples — publications, offers for sale, sales, discussions with suppliers or customers

Cree Confidential - For Government Purposes Only
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Fursuant to FAR 52.227-12{c)(1), this written report is being submitted to the Contracting Officer as an
attachment to form DD-882 (or equivalent patent report form). As required, this report: (1) identifies the
contract under which the invention was made; (2} identifies the inventor(s}; (3) contains a description of
the invention sufficiently complete in technical detail to convey a clear understanding of the nature,
purpose, operation, and physical, chemical, biological, or electrical characteristics of the Invention; (4)
identifies any publication, on sale, or public use of the invention; and (5) identifies any anticipated
publication, on sale, or public uss of the Invention.

|| PO383

| Reduction of Cracking Rate in Silicon Carbide Crystals

| Valeri Tsvetkoy, Mark Brady

Office of Naval Research (DARPA)

N00014-02-C-0302

‘| A SiC sublimation system includes a crucible comprising a
graphite barrel defining a cylindrical growth chamber
surmounted by a seed holder which holds a SiC seed crystal
and a graphite lid, A filler ring is disposed within the barrel

| such that the inner diameter of the filler ring is very close to

| the outer diameter of the seed crystal. The filler ring

| eliminates space for polycrystalline material to form on the
outer edge of the growin gseed crystal, reducing tension
siress I Lhe grown crystal after cool-down.

None

None

*Examples — publications, offers for sale, sales, discussions with suppiiers or cusfomers

Cree Confidential — For Government Purposes Only
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Filing Recommendation For IP Committee Y€e S\

Disclosure Numbed T34 71~ |

IP Committee Review Date:

Committee Recommendation:
(] File: Disclosure Complete
] File: Prepare Full Disclosure
{1 Do Not File

5 Date Opened:
Publish Without Filing IL’ O
[} Review Further e 1

[ ] Keep as Trade Secrel

Gommenis:

To" Associate General Counsel for [ntellectual Property

Invention Disclosure

1. Invention Title: Process method for manufacturing hish minority lifetime bulk-erown SiC materials.

2. Invenlors:
Inventor No. 1 Inventor No, 2 Inventor No. 3
Full name Calvin Carter Jason Jenn Dave Malta
Work Phone (b) 6) | ICE. () (6) |
Citizenship USA USA USA
Department Crystal Growth Crystal Growth Crystal Growth
Manager Hunsell Don Hobgood Dou Hobgood
Wrote Disclosure | [ ] Yes No X Yes [] No []Yes X No
inventor No. 4
Fuil name Hudson McD. Hobgood
Home Address
Work Phone IO
Citizenship USA ,
Department | Crystal Growth
Manager Rob Glass
Wrote Disclosure | [ ] Yes No ] Yes [] No [1Yes [ ] No

Attach additional sheets if necessary

3. Date invention conceived: ___4/1/04 Date invention reduced to practice:__4/10/04

4, Invention developed under government contract? Yes [X] No [ | Internal Contract No.: 1118
IMPORTANT: if you have any question as to whether the invention was developed (i.e. conceived or first
reduced to practice) under a government contract, please contact the contract manager.
5. Identify any disclosures of the invention cutside the company. For example, identify any publication, abstract,
offer for sale or sale, discussions with suppliers or customers, etc., in which the invention was described. Give the
date and place of any such disclosures. (attach additional sheets if necessary):__no disclosures of the invention outside
the company

Witnhessed, read and undersfood: Date

{1)

(2)

(3)

(4)

PF1 Rev.8/2002
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6. ldentify any anticipated disclosures of the invention outside the company.: no anticipated disclosures of the
invention outside the company

7. ldentify any related inventlons or disclosures by Cree personnel: no_related inventions or disclogures by Cree
personal

8. Identlfy products in which the invention may be used:_power devices which require long minority carrier lifetimes

Remember to have each page of your invention disciosure signhed and dated by a witness.
Please attach this cover form to your invention disclosure, along with any relevant documentation. Submit the
disclosure to David Hall, Silicon Drive x5343.

Date Witnessed, read and understood: Date

fiadits

6/ 7| (3)

/e [ £ 9H4)
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Description of Invention

Answer each of the following questions about your invention. Use additional space or attach additional sheets as
necessary. Attach copies of notes, diagrams, fab notebooks, journal articies, etc. if available. Have a witness sign
and date each sheet of the disclosure, including additional sheets.

1.

photeresporse {mV)

Provide a brief description of the invention. What problem does it solve, and how does it solve the problem?

Cutrenlly, higl sninosity caiier lifetiine (MCL) SiC inaletials luve only been produced via epitaxy. Cellain devices
such as PIN diodes require thick epitaxial layers whose thickness scales with the operating voltage. As (e voltages
move beyond 10 kV, these layers are problematic to grow and therefore quite expensive. A principal requirement for
proper operation of these devices is that the MCL are sufficiently high (>3-5 ps) to allow for conductivity modulation.
The purpose of this invention is to have a process which transforms more economically produced bulk-grown
substrate materials into high MCL material. Typical lifetimes for bulk grown materials are below 10 ns (Fig. 1). This
invention transforms bulk-grown HPSI material into a high MCL material with a lifetime in excess of 30 us (Fig. 2).

20 SRR I 1 HIR ] : 1 : ! 4
A : S
LY
Ry :
0 ERE I I ’ T g 2 : :*—? : ‘ I
b ford L : @ Py !
H . % :‘;' T i ~ 40 s
i ‘ ; ? Al o ; T
: i : a , H ;
: Yol 111 HE R B -
0 St o EEE s
5 H H [ S . H “a H H [ IR
0 50 100 150 200 250 0 5 10 15 20 25
timo (ne) thne {us)
Figure 1 - Microwave PCD of a typical Figure 2 - Microwave PCD of a bulk-grown
bulk-grown substrate substrate with new process

How doas the invention difter from present tachnology? What are the novel or unusual teatures of the
mvention” What advantagee doses i1t posgess”?

‘I'lus method 15 a very high temperature anneal after crystal growth. It is novel in that it generates hmgh MCL material
from an anneal at temperatures higher than its growth temperature.

Describe specific embodiments or examples of the invention, if any. Does the invention have any alternative
embodiments? Enclose sketches, drawings, photographs and other materials that heip illustrate the description.

Date . Witnessed, read and understood: Date
(1) e
¢%®e>
/%] (3)

7/2/45}{- (4)
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To apply the method of this invention, a SiC subsirate (or crystal) is heated 10 a temperalure in excess of its growth
temperature {(¢.g. 2600°C) and cooled in a sufficiently slow manner to prevent the significant introduction of deep

level trapping defects.

This invention may be applied to epitaxially-grown material to enhance MCLs in that material.

4, Whal are possible applicalions lot the invenlion? in addition o imimediale applications, are lhere other uses
that might be feasible in the future?

This can be used for any device which requires high MCI. materials.

5. List any documenis or publications which relate to important aspects of this invention.

P0137, P0232/P0232US2

Witnessed, read and understood: Date

(2)

3)

~(4)
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Filing Recommendation For [P Committee Use )
IP Committee Review Date: Disciosure Number: 104 4
Commitiee Recommendation: ‘| Date Opened:

[] File: Disclosure Complete Publish Without Filing

[ File: Prepare Fuli Disclosure [l Review Further S ’5‘ ] Lﬂl o(‘t

] Do NotFile [l Keep as Trade Secret

Comments:

Invention DiSCIOSUf'e To: Associate General Counsel for Intellectnal

Pronertir
=Py

1. Invention Title: _Lithoeraphic method to reduce stacking fault nucleation sites and reduce Vf drift in
Bipolar devices,
2. Invenlors.

Inventor No. 1 Inventor No. 2 Inventor No. 3

Full name Joseph John Sumakeris Mrinal Das

WorkPhone | (DIGONNNNNN

Citizenship | USA

Department SiC Epi _

Manager Robert Glass

Wrote Disclosure Yes [ ] No ] Yes [ No [T Yes L] No

Attach additional sheets if necessary

3. Dale invenlion concelved:_Tech. Developed by ABB and Linkoping, University
Date invention reduced to practice:__December 9, 2003 (at Cree) Fo i ICWE

4. Invention developed under government contract? Yes D4 No [ Internal Contract No.: N0Q014-02-C-0302
IMPORTANT: If you have any question as to whether the invention was developed {i.e. conceived or first
reduced to practice) under a government contract, please contact the contract manager.
5. Identify any disclosures of the invention outside the company. For example, identify any publication, abstract,
offer for sale or sale, discussions with suppliers or customers, etc., in which the invention was described. Give the
date and place of any such disclosures. (attach additional sheets if necessary)._ Technology iransferred to Cree
durine technology transfer with ABB.

6. Identify any anticipated disclosures of the Invention ou lside the company.: Regular reporting to Darpa
Agency .

7. ldentify any refated inventions or disclosures by Cree personnel:_Previous disclosure on Vi Drift Control
via Stackine Fault Pinning from Oct. 2001. Previous disclosure on etchine wafers tominimize stacking fault
nucleation sites. April, 2003

8. Identify products in which the invention may be used:_Bipoar devices in SiC or other matetials subjecl Lo
recombination enhanced dislocation glide. Devices sensitive to the presence of basal nlane dislocations

Remember to have each page of your invention disclosure signed and dated by a witness.

Inventor's Full Signalure Dute Witiossod, raad and understood: Date
(1) : {1
(2) (2)
(3) 3)

PT1 Rev.8/2002
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Please attach this cover form to your invention disclosure, along with any relevant documentation. Submit the
disclosure to David Hall, Silicon Drive x5343.

Description of Invention

Answer each of the following questions about your invention. Use additional space or attach additional sheets as
necessary. Attach copies of notes, diagrams, lab notebooks, journal articles, etc. if available. Have a withess sign
and date each sheet of the disclosure, including additronal sheets.

1. Provide a brief description of the invention. What problem does it solve, and how does it solve the problem?

Commercial quality SiC wafers and epilayers contain a number of erystallographic defscts. Most
notable of the defects present in substrates are dislocations, including screw (closed and open
core) and edge dislocations. These dislocations can be further grouped by their alignment within
the crystal. Those dislocations that propagate along the c-axis are called threading dislocations,
while dislocations that lie within the ¢c-plane are termed basal plane dislocations. In general, in SiC,
it is energetically favorable that basal plane dislocations preferentially decompose into partial
dislocations via the mechanism described below:

1/3<117 0> — 1/3<101 0> + 1/3<017 0> ' Equation
i

In general, the above decomposition reaction describes the decomposition of a basal plane
dislocation into two Shockley partial dislocations. The line defects generated during the above
decomposition will bound a planar stacking fault defect. This stacking fault will be electrically
active in bipolar devices and during lorward opelalion, the electron-hole plasma will be reduced in
the victuly of the stacking fauil. The 1educed plasina density will inerease the forward voltage of
the device. A further complication is that through dislocation enhanced dislocation glide, the
stacking fault may continue to expand during forward operation of the device. As a resuit, during
continued operation, the forward voltage of the device can increase substantially from the initial
value as shown o Frgure | In Figure 1, we plot forwaid voltage as it changes with time. As the
device wattus Lo operating tempaerature, itis expected that the V will decrease slightly, however,
note that two diodes experience substantial Veincrease. ['his behavioris a substantial barrier to
device exploitation because it results in devices with functional properties that can change
unpredictably during operation.

Inventor's Full Signature Date Witnessed, read and understood: Date
(1) ; ()
(2) (2)
(3) - (3)

PF1 Rev.8/2002
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Figure 1. Plot of forward voltage vs operation time for 16 diodes. 14 are stable, 2 drift

unacceptably.

Commercially available 4H-SiC substrates have approximately 1E4 to 1ES dislocations per cm®.
This includes thrcading screw and edge dislocations and bugal plane dislocations. Figure 2is a
micrograph of KOH etched epilayer surface revealing various common types of dislocation pits

which are labeled appropriately. All types of dislocations can potentially impact device

performance, but the basal plane dislocation is particularly implicaled as being Lhe prevalent
nucleation site of the stacking faulis that cause V¢ drift.

s

N ; ::_ "* .

L
& o Threading Edge %
q :Q\ ! § &

Figure 2. Etch pits on 4H-SiC epilayer.

Inventor's Full Sigdnature ~ Date Witnessed, read and understood: - Date
(1) {1)
(2) (2)
{3} (3)

PF1 Rev.8/2002
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Previous disclosures listed in section 7 concerned techniques to reduce the density of basal plane

dislocation density in epilayers. The current invention is very similar in scope to the KOH etch step
central to the Method to reduce stacking fault nucleation sites and reduce Vfdrift in Bipolar devices
disclosure except a dry etch is employed and the elching is nol self aligned, but rather is defied by

an engineered mask.

Dy etching a scries of steps into the off-axis growth lace, it is possible to encourage a large portion
of the basal plane dislocations present in the substrate or underlying epi Lo convetl to threading
edge dislocations which are not as problematic for achieving Vi stability. We have tested two
geometry’s of etch ag shown in Figure 3, but so far have full results only for one geometry, the “hex
etch” pattern.

4 S e e

Figure 3. Hex etch (left) and line etch (right) template paiterns for BPD turning
The epilayer surfaces after growth are depicted in Figure 4 for the hex etch and for the line etch
templates, tespectively.

Predk S i

fte

r growth on hex etch (left) and line etch (right) templated surfaces

Bl B

Figure 4. Epi surface a

We have KOH etched epi samples grown using our original low BPD process and the hex-etch
process (Figure 3) and find that both approaches ate effective in their ability to convert BPDs to
threading dislocations.

Inventor’s ull Signature Date Witnessed, read and understood- _ Date
(D (1)
(2) {2)
(3) (3)

PFI Rev.8/2002
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Figure 5. KOH etched epilayer grown on a hex-etch templated surface revealing characteristic
dislocation etch pits.

We have also fabricated devices using the hex-cloh template and Vedudl tesults are presented in
Figure 6. The data in Figure 6 all comes from a single wafer where half of the wafer was prepared
witl the hex-ctch paliein priot to epilayer growth while the ramaining half of the wafer had no
special treatment. Itis evident in the plot that only 2 of the 8 standard prep diodes had a stable (or
showed (he chiatacteristic slightly decreasing) Vedunng the course of the lest. Meanwlule, 5 of the
8 diodes grown on the hex-elcl preparcd surface showed a stoble Vi

Inventor's Full Signature Dale | Wilnessed, read and understood: Date
(1) : (1)
(2) (2)
Q) LB

PF1 Rev.§/2002
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Vf Stability (Red = Standard, Blue = Hex-etch)
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L 50
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4.2
4.0 T I L] T T
0 100 200 300 400 500 600
Sec
Figure 6. Vstability of standard prep and hex-etch prepared 10 kV class PiN diodes
This is a very encouraging result. Although in this first test of the hex-etch for producing PIN
divdes, we did not get as good a result in terms of stabilizing Veas we do with the KOII cteh, we
expect that we will achieve beller tesults by improving the cteh geometry and application For
example, the wall width in the hex-etch pattern is greater than preferable as will be discussed
below.
The intent of the mvention is to initially nucleate the epilayer on the side-wall of the etch pattern as
shown in Figure 7. In this way a very facile environment for BPD turming 1s created. It should be
noted that material starting to grow on the top of the wall or in the plateau between walls would not
benefit fully from this improved growth geometry. Consequently, the wall top area, step height and
spacing should be optimized. In addition, we are evaluating multiple applications of the hex and
line-etoh processes. Note that in Figure 7, only portions of the epilayer are advantaged by a single
iteration of the applicalion. Repeat iterations and optimizing of geometry 18 expeeted to yield
improved benelils.
Inventor's Full Slgnature ) Daie Wilhessed, raad and understood: Date
(1) 1)
(2) (2)
(3) (3)
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Figure 7. Schematic of line-etch pattern and resultant epi. Material in the 1ed region benefits from
enhanced BPD turning as growth proceeds on sides of walls defined in substrate.

2. How dogs the invention differ from present technology? What are the novel or unusual features of the

invention? Whal advantages does it possess?

The best current approach to limiling BPDs in device epilayers employs a KOH etch. A major

f the KOH etch is that in addition to the advantageous decoration of BPDs that that
other defects are also decorated by KOH etch. For example, KOH etching generates
pits associated with micropipes and threading dislocations that can be very deep. Itis very likely
that epilayers grown over such surfaces would have higher than normal epilayer defect densities.
Further, the current best low BPD process employs repeat KOH etch and polish steps. This makes
for very complicated, time consuming and expensive process route.

disadvantage o
process seeks,

The advantage of the hex and line-etch processes is that they are accomplished with relatively
typical fabrication processes employing lithography and dry etching. Further, excessively deep
pits are not generated in the invention, so only minimal, perhaps no polish post trcatment is

necessary for high voltage devices.

of the invention, if any. Does the invention have any alternative

Describe specific embodiments or examples
photographs and other materiale that help illustrate the description

embedimenls? Enclose skelches, drawings,

The invention can be accomplished with alternative etch processes, but RIE is preferable.
Many different etch patterns can be considered such as the hexes, line, herringbone, etc.

What aro possible applications for the invention? In addition to immediate applications, are there other uses
that might be feasible in the future?

The approach can be of value for the production of any semiconductor device which may

experience Ve drift or performance degradation similar to Vi drift such as recombination enhanced

dislocation glide.

List any documents or publications which refate to important aspects of this invention.

Technolegy transfor materials from ABB.

inventor's Full Signhature Daly Wilnessed, read and understood: ~_Date
{1) 1
(2) (2)
(3) 3)
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Filing Kecommendation For IP Committee Use

IP Committee Review Date: Disclosure Number: 754 ]<—l
Committee Recommendation: Date Opened:

[C] File: Disclosure Complete (] Publish Without Filing —

L | File: Prepare Full Disclosure [ ] Review Further Yo Dl ' L’”} oc,'

["l Do Not File [ ] Keep as Trade Secret

Comrmenls

Iinvention Disclosure

0: Associate General Counsel for Intellectual
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1. Invention Title: _Lithographic method to reduce stacking fault nucleation sites and reduce Vf drift in
Binolar devices.
2. Inventors:

Inventor No. 1 Inventor No. 2 invenior No. 3

Full name Joseph John Sumakeris Mrinal Das

Work Fhone

Citizenship USA

Department SiC Epi

Manager Robert Glass

Wrote Disclosure | [X] Yes [ ] No L] Yes [] No [JYes [] No

Aftach additional sheets if necessary

3. Date invention conecsived: Tech. Developed by ABD aud Linkoping, Universily ‘ e
Date invention reduced to practice:_ December 9. 2003 (at Cree) T e (O

4. Invention developed under government contract? Yes No [] Internal Contract No.; N000§14-02-C-0302
IMPORTANT: If you have any question as to whether the invention was developed (i.e. conceived or first
reduced to practice) under a government contract, please contacl the contracl manager.
5. Identify any disclosures of the invention outside the company. For example, identify any publication, abstract,
offer for sale or sale, discussions with suppliers or customers, etc., in which the invention was desciibed. Give lhe
date and place of any such disclosures. (attach additional sheets if necessary).__Technology transferred to Cree
during technology transfer with ABB.

6 ldentify any anticipated disclosures of the nvention outside the company.._ Regular reporline to Darpa
Agency

/. ldentity any refated inventions or disclosures by Cree personnel:__Previous disclosure on Vf Drift Control
via Stacking Fault Pinning from Oct. 2001. Previous disclosure on etching wafers tominimize stackine fault
nucleation sites, April, 2003

8. Identify products in which the invention may be used:_ Bipoar devices in SiC or other materials subject to
recombination enhanced dislocation glide, Devices sensitive to the presence of basal plane dislocations

Remember to have cach page of your invention disclosure signed and dated by a witness.

Inventor’s Full Signature Date Witnessed, read and understood: Date
(1) (1)
@) 2)
(3) (3}

PF1 Rev.8/2002
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Flease attach this cover form to your invention disclosure, along with any relevant documentation.  Submit the
disciosure to David Hall, Silicon Drive x5343.

Description of Invention

Answer each of the following questions about your invention Use additional space or attach additional sheets as
necessary. Atftach copies of notes, diagrams, lab notebooks, journal articles, etc. if available. Have a witness sign
and date each sheet of the disclosure, including additional shests.

Provide a brlef description of the Inventlon. What problemn does #t solve, and how does it solve the problem?

Commercial quality SiC wafers and cpilayers contain a number of crystallographic defects. Most
notable of the defects present in substrates are dislocations, including screw (closed and open
core) and edge dislocations. These dislocations can be further grouped by their alignment within
the crystal. Those dislocations that propagate along the c-axis are called threading dislocations,
while dislocations that lie within the ¢-plane are termed basal plane dislocations. In general, in SiC,
itis energetically favorable that basal plaune dislocations preferentially decompose into partial
diglocations via the mechanism described below:

1/3<11Z 0> — 1/3<101 0> + 1/3<017 0> Equation
1

In general, the above decomposition reaction describes the decomposition of a basal plane
dislocation into two Shockley partial dislocations. The line defects generated during the above
decomposition will bound a planar stacking fault defect. This stacking fault will be electrically
active in bipolar devices and during forward operation, the electron-hole plasma will be reduced in
the vicinity of the stacking fault. The reduced plasma density will increasc the forward voltage of
the device. A further complication is that through dislocation enhanced dislocation glide, the
stacking fault may continue to expand during forward operation of the device. As a result, during
continued operation, the forward vollage of the device can increase substantially from the imtial
value as shown in Figure 1. In Figure 1, we plot forward voltage as it changes with time  As the
device warms lo operating lemperature, it is expected that the V; will decrease shghtly, however,
note that two diodes expenence substantial Viincrease, This behavior is a substantial barrier to
device exploitation because it results in devices with functional properties that can change
unpredictably during operation.
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Figure 1. Plot of forward voltage vs operation time for 16 diodes. 14 are stable, 2 drift

unacceptably.

Commercially available 4H-SiC substrates have approximately 1E4 to 1ES5 dislocations per cm’.
This includes threading screw and edge dislocations and basal plane dislocations. Figure 2 is a
mictoglaph of KOH etched epilayer swiface revealiug vatious conunon lypes of dislocation pits

which are fabeled approprnately. All types of dislocations can potentially impact device
performance, but the basal plane dislocation is particularly implicated as being the prevalent

nucleation site of the stacking faults that cause V;drift.

Figure 2. Eich pits on 4H-SiC epilayer.
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Previous disclosurcs listed in section 7 concetued techniques Lo 1educe the densily of basal plane
dislocation density in epilayers. The current invention is very similar in scope to the KOH etch step
ceniral to the Method to reduce stacking fault nucleation sites and reduce Vf drift in Bipolar devices

disclosure except a dry etch is employed and the etching is not self aligned, but rather is defied by
an engineered mask.

Ry etching a series of steps into the off-axis growth face, itis possible to encourage a large portion
of the bagal plane diglocations presentin the substrato or underlying cpi to convert to threading
edge dislocations which are not as problematic for achieving Vi stability. We have tested two

geometry’s of eich as shown in Figure 3, but so far have full results only for one geometry, the “hex
cteh” pattern.

Figure 3. Hex etch (left) and line etch (right) template patterns for BPD turning

The epilayetr surfaces aller growth are depicled in Figure 4 for the hex etch and for the line etch
templates, respectively.

2

i B

Figure 4. Epi surface after growth on hex etch (left) and line etch (right) templated surfaces

We have KOH etched episamples grown using our original low BPD process and the hex-etch

process (Figure 5) and find that both approaches are effective in their ability to convert BPDs to
threading dislocations.
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Figure 5. KOH etched epilayer grown on a hex-etch templated surface revealing characteristic
dislocation etch pits.

We have also fabricated devices using the hex-etch template and Vdrift results are presented in
Figure 6. The data in Figure 6 all comes from a single wafer where half of the wafer was prepared
with the hex-etch pattern prior teo epilayer growth while the remaining half of the wafer had no
gpecinl teatment. Itis evident in the plol thut only 2 of the § standard prep diodes liad a stable (o
showed the characteristic slightly decreasing) Vi during the course of the test. Meanwhile, 5 of the
8 dicdes grown on the hex-eteh prepared suwrface showed a stable Ve
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Figure 6. V,stability of standard prep and hex-eich prepared 10 kV class PiN diodes

This is a very encouraging result. Although in this first test of the hex-etch for producing PiN
diodes, we did nol gel as good a result in tevms of stabiliving Ve as we do with the KOH etch, we
expect that we will achieve better resulte by improving the etch geomotry and application. For
example, the wall width in the hex-etch pattern is greater than preferable as will be discussed
below.

The intent of the invention is to initially nucleate the cpilayer on the side-wall of the ctch pattern as
shown in Figure 7. In this way a very facile environment for BPD turning is created. It should be
noted that material starting to grow on the top of the wall or in the plateau between walls would not
benefit fully [rom this improved growth geometry. Consequently, the wall top area, step height and
spacing should be optimized. In addition, we are evaluating multiple applications of the hex and
line-etch processes. Note thatin Figure 7, only portions of the epilayer are advantaged by a single
iteration of the application Kopeat iterntions and optumzing of gecometry 1s expected to yreld
improved benefits.
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Figure 7. Schematic of line eteh pattern and resultant epi. Material in the red 1egion beuefits ftom
enhanced BPD turning as growth proceeds on sides of walls defined in substrate.

2. How does the invention differ from present technology? What are the novel or unusuai features of the

invenlion? Whal advantages does il possess?

The best current approach to limiting BPDs in device epilayers employs a KOH etch. A major
disadvantage of the KOH etch is that in addition to the advantageous decoration of BPDs that that
process seeks, other defects arc also decorated by KOII ¢teh. Tol exatuple, KOH ¢lching generates
pits associated with micropipes and threading dislocations that can be very deep. Itis very likely
that epilayers grown over such surfaces would have higher than normal epilayer defect densities.
Further, the current best low BPD process employs repeat KOH etch and polish steps. This makes
for very complicated, time consuming and expensive process route.

The advantage of the hex and line-etch processes is that they are accomplished with relatively
typical fabrication processes employing lithography and dry etching. Further, excessively deep
pits are not generated in the invention, so only minimal, perhaps no polish post treatment is

necessary for high voltage devices.

3. Describe specific embodiments or examples of the invention, if any. Does the invention have any alternative
embodiments? Enclose sketches, drawings, photographs and other materials that help illustrate the description.
[he vention can be accomplished with alternative etch processes, but RIE is preferable.
Many different etch patterns can be considered such as the hexes, line, herringbone, etc.
4. What are passible applications for the nvention? In addition to immediale applicalions, are lhere olher uscs
that might be feasible in the fulure?
The approach can be of value for the production of any semiconductor device which may
experience V¢ drifi or performance degradation similar to V, drift such as recombination enhanced
dislocation glide.
5. List any documents or publications which relate to important aspects of this invention.
Technology transfer materials from ARBR
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Invention Disclosure

To: Associate General Counsel for Intellectual Property

1. Invention Title: _Reduction of Cracking Rate in Silicon Carbide Crystals.

2. inventors:

Inventor No. 1

Inventor No. 2

Inventor No. 3

Valeri F. Tsvetkov

Full name

Home Address

Mark Brad

Work Phone }

Citizenship USA USA

Department 110 300

Manager Don Hobgood Don Hobgood

Wrote Disclosure Yes X Yes L1 Yes [ No

Attach additional sheets if necessary

3 Date invention conceived:__09.04.03

Date invention reduced to practice: OO) _0@&2}

4. Invention developed under government contract? Yes [ No [T] Internal Contract No.:_1093

IMPORTANT: If you have any question as to whether the invention was developed (i.e. conceived or first

reduced to practice) under a government contract, please contact the contract manager.

3. ldentify any disclosures of the invention outside the company. For example, identify any publication, abstract,
offer for sale or sale, discussions with suppliers or customers, etc., in which the invention was described. Give the

date and place of any such disclosures (aftach additional sheets if necessary):_no disclosures of the invention

outside the company

6. Identify any anticipated disclesures of the invention outside the company.:__no anticipated disclosures of the

invention outside the company

7. ldentify any related inventions or disclosures by Cree personnel:__no related inventions or disclosures by CREE

personnel

8. Identify proeducts in which the invention may be used: _for the growth of low stress high quality large size SiC

crystals
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Description of Invention
Answer each of the following questions about your invention. Use additional space or attach additional sheets as
necessary. Aftach copies of notes, diagrams, lab notebooks, journal articles, etc. if available. Have a witness sign
and date each sheet of the disclosure, inciuding additional sheats.

Provide a briefl description of the invention. What problem does it solve, and how does it solve the problem?
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2.
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3. Describe specific embodiments or examples of the invention, if any. Does the invention have any alternative

embaodiments? Enclose sketches, drawinis, ihotoiraihs and other materials that heli illustrate the description.

4. What are possible applications for the invention? In addition to immediate applications, are there other uses

that miﬂht be feasible in the fulure?

5. List any documents or publications which relate to important aspects of this invention.

_i 4
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3. Describe specific embodiments or examples of the invention, if any. Dees the invention have any alternative
embodiments? Enclose sketches, drawings, photographs and other materiais that help lllustrate the description.

Figure 1 depicts a series of stacking fault in a PIN dicde fabricated using a relatively near basal plane oriented
substrate. The actual angle and relative scales in the figure are exaggerated for clanity. Note that current passing from
the top anode contact to the bottom substrate contact must either divert extensively around or cross the stacking faults,

1t should be noted that at an 8° off axis alignment as typically used for 4H SiC, the stacking fault can be expected to
expand laterally about 8% the thickness of the drift region of the device.

For comparison, Figure 2 depicts a series of stacking faults in a PiN diode fabricated on a substrate that was fabricated
such that the basal planes are perpendicular to the substrate surface, such as would be the case with a (1120) oriented

substrate. Note thatn Figure 2, the current may pass with mmimal hindrance between the stacking faults. Itis
expected that the device in Figure 2 would experience reduced V1 drift due to stacking fault interference.

Anode Contoct Anode Contact
—— - v/ 5 /I X, — - S X,

P / //‘/‘//,/X, P

/ (0-0\‘5
N- % N- Stacking Foults
S‘Y.Q‘C\L /
=]

<

(T e % —i*
N+ N+
SuesTr83e /70r p o A SRSIT S
Backside Cantact Backside Contact
Figure 1. Stacking faults in diode made on conventional Figure 2. Stacking faults in diode made substrate with basal
substrate. planes perpendicular to substrate surface.

4. What are possible applications for the invention? In addilion to immediuale applications, are lhere other uses
that might be feasible in the future?

The invention is based on exploiting the crystallographic orientation of defects for optimal device fabrication and
operation. Since many defects in crystals are crystallographically oriented, there can be many instances where
Judicious selection of substrate orientation will permit minimizing the deleterious effects of defects or optimizing
directionally dependent materials properties such as carrier mobility.

5. List any documents or publications which relate to important aspects of this inventien.

Proposal for Power DARPA contract.
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~TMENT OF COMMERCE

ET

. —. wwaveying party{ies)

CREE INCORPORATED

Additional name(s) of conveylng party(los} utluchod?DYol No|

2. Name and address of receiving party(ies)
Name: NA VY, SECRETARY OF THE UNITED

Internal Address: _STATES QF AMERICA

-4 8 m————

OFFICE OF NAVAL RESEARCH

3. Nature of conveyance/Execution Date(s):

Execution Date(s) 10/02/06
[] Assignment ] Merger
D Security Agreement D Change of Name

D Joint Research Agreement
[:I Government Interest Assignment
E Executive Order 8424, Confirmatory License

D Other.

Street Address: 875 NORTH RANDOLPH STREET

City: _ ARLINGTON

State: VA

Country:__USA 7ip:_22203-1996

Additional name(s) & address{es) attached? D Yes No

4. Application or patent number(s):
A. Patent Application No.(s)

[lrhis

10/414,787

Additional numbers atiached? [ Jves [/]no

document is being filed together with a new application.
B. Patent No.(s)

—
-~
-
-
©
vry

M4

e T Y W]
2&‘% !/
Vi il Fige

P)

5. Name and address to whom correspondence
concerning document should be mailed:

Name.__ CARQOL PETROSKY

Internat Address: OFFICE OF NAVAL RESEARCH
OFFICE OF COUNSEL

Strast Address: 875 NORTH RANDOLPH STREET

6. Total number of applications apd patents
involved:_1 »

uf

7. Total fee (37 CFR 1.21(h) & 3.41) 83

I_] Authorized to be charged by credit card

[:] Authorized to be charged to deposit account
[:] Enclosed

m None required (government interest not affecting title)

City: _ARLINGTON

State:_ VA Zip:_22203-1995
Phone Number: _703-696-4008
Fax Number.___703-838-8809

Email Address. PETROSC@ON|
9. Signature:

8. Payment Information

a. Credit Card Last4 Numbers
Expiration Date

b. Deposit Account Number _GUS {OMER NUMBER

Authorized User Name _ 26852

11/27/08
Date

Total number of pages including cover

%’@q JAMES BECHTEL
Name of Person Slgnins

-

sheet, attachments, and documents:

Documents to be recorded (including cover sheet) should be taxed to {571) 273-0140, or matied to:
Mail Stop Assignment Recordation Servicas, Director of the USPTO, £.0.Box 1450, Alexandria, V.A. 22313-1450



Form PTO-1595 (Rev. 07/05) U.S. DEPARTMENT OF COMMERCE

OME No. 0651-0027 ‘exg. 6/30/2008) United States Patent and Trademark Office
RECORDATION FORM COVER SHEET
PATENTS ONLY

To the Director of the U.S. Patent and Trademark Office: Please record the attached documents or the new address(es) below.

1. Name of conveying party(ies) 2. Name and address of receiving party(ies)
Name: NA VY, SECRETARY OF THE UNITED

CREE INCORPORATED
Internal Address: SIAIES OF AMERICA

Additional name(s) of conveying party(ies) attached?E] Yes No OFFIOE OF NAVAL RESEARCH

3. Nature of conveyance/Execution Date(s): Street Address: _875 NORTH RANDOLPH STREET
Execution Date(s) 10/02/06

[] Assignment [ ] Merger

[__] Security Agreement D Change of Name City' _ARLINGTON

[ Joint Research Agreement State: VA

[[] Government Interest Assignment _

|Z] Executive Order 9424, Confirmatory License Country:_JoA Zip:_222031965

D Other Additional name(s) & address(es) attached? [;] Yes No
4. Application or patent number(s): [1This document is being filed together with a new application.
A. Palent Application No.(s) B. Patent No.(s)

10/414,787

Additional numbers attached? DYes No

5. Name and address to whom correspondence 6. Total number of applications and patents
concerning document should be mailed: involved:_1

Name: CAROL PETROSKY

7. Total fee (37 CFR 1.21(h) & 3.41) §

Internal Address:__ OFFICE OF NAVAL RESEARCH [ Authorized to be charged by credit card
OFFICE OF COUNSEL [ 1 Authorized to be charged to deposit account
Street Address: 875 NORTH RANDOLPH STREET [ ] Enclosed

Iﬂ None required {government interost not affecting title)

City: _ARLINGTON 8. Payment Information

a. Credit Card Last 4 Numbers
Expiration Date

State:___va Zip: 22203-1895

Phone Number:__ 703-696-4008

b. Deposit Account Number CUSTOMER NUMBER

Fax Number:  703-696-6909

Authorized User Name 26852

Email Address: PETRCSC@ONR.NAVY.MIL

9. Signature: 11127108
i Date
Zmﬂ JAMES BECHTEL Total number of pages including cover °
l ~ " Name of Person Signing shest, attachments, and documents:

Documents to be recorded (including cover sheet) should be faxed to (571) 273-0149, or mailed to:
Mail Stop Assignment Recordation Services, Director of the USPTO, P.O.Box 1450, Alexandria, V.A. 22313-1450



P

CONFIRMATORY INSTRUMENT

APPLICATION FOR (TITLE OF INVENTION)

Methods and Apparatus for Controlling Formation of Deposils in a Deposition System and
Deposition Systems and Methods Including the Same

INVENTORS(S)

Sumakerfs, Joseph J.
Halslay, Michael P.
O'Loughlin, Michael J.

SERIAL NO. FILING DATE _
PO 297 (0{4(4297 04/16/2003 i
CONTRACTOR ' CONTRACT NO.
Cres, Inc N00014-02-C-0302
The Invention ldentified above is a “Subject lnvention® under Patent Rights Clause 52-227-12
{identify clause by tille and dale)
included In Contract No. N00014-02-C-0302
with
Dacartment of the Navy (ONR) ,

(specify governmient agency)

This document confirms the paid—ur license granted to the government under this contractin this inventicn, patent application, and
any resulllig patant, and all ofher rights acquired by (e govenment through the referenced clause.

The government Is hereby granted an Irrevocable power o Irspact and make coples of the above-identifiad patant application.

Signod ths_ Qe day of Gﬁj‘ﬂ%ﬂ

ATTEST"

(Seal)

RACTOR'S OFFICIAL AND TITLE

4600 Sillcon Drive, Dyurham. NC 27703
BUSINESS ADDRESS




UNITED STATES PATENT AND TRADEMARK OFFICE

UNDER SECRETARY OF COMMERCE FOR INTELLECTUAL PROPERTY AND
DIRECTOR OF THE UNITED STATES PATENT AND TRADEMARK OQFFICE

DECEMBER 15, 2006

— O

OFFICE OF NAVAL RESEARCH OXrFICE OF ET AL
875 NORTH RANDOLPH STREET
ARLINGTON, VA 22203~19855

UNITED STATES PATENT AND TRADEMARK OFFICE
NOTICE OF RECORDATION OF ASSIGNMENT DOCUMENT

THE ENCLOSED DOZUMENT HAS BEEN RECORDED BY THE ASSIGNMENT DIVIEION OF
THE U.S. PATENT AND TRADEMARK OFFICE, A COMPLETE MICROFILM COPY IS
AVATILABRLE AT THE ASSIGNMENT SEARCH RCOM ON TEE REEL AND FRAME NUMBER
REFERENCED BELOW,

PLEASE REVIEW ALL INFORMATION CONTAINED ON THIS NOTICE. THE

INFORMATION CONTAINED ON THIS RECCORDPATION NOTICE REFLECTS THE DATA

PRESENT IN THE PATENT AN TRADEMARK ASSTIGNMENT SYSTEM. TF YOU SHOULD

FIND ANY ERRORS COR HAVE QUESTIONS CONCERNING THIS NOTICE, YOU MAY

CONTACT THE EMPLOYEE WHOSE NAME APPEARS ON THIS NOTICE AT 571-272-3350.
PLEASE SEND REQUEST FOR CORRECTION TO: U.S. PATENT AND TRADEMARK OFFICE,
MATT, STOP; ASSTGNMENT SERVICES BRANCH, P.0O. BO¥ 1450, ALEXANDRIA, VA 22313.

RECORDATION DATE: 11/30/2006 REEL/FRAME: 018638/0290
NUMBER OF PAGES: 2

BRIEF: CONFIRMATORY LICENSE (SEE DOCUMEN! FOR DETALLS) ,

ASSTGNOR:
CREE INCORPORATED DOC DATE: 10/02/2006

ASSTGNEER:

NAVY, SBECKETARY OF 'I'HeE UNLITEL
STATRES OF AMERICA OFFICE GF
NAVATL, RESEARCH

875 NORTH RANDOLPH STREET

ARTL.INGTON, VIRGINIA 22203-1995

SERTAL NUMBER: 10698170 FILING DATE: 10/30/2003

PATENT NUMRBRER: ISSUE DATE:

TITLE; VERTICAL JFET LIMITED SILICON CARBIDE POWER METAL-OXTDE
SEMICONDUCTOR FIELD EFFECT TRANSISTORS AND METHODS OF FABRICATING
VERTICAL JFET LIMITED SILICON CARBIDE METAL- OXIDE SEMICONDUCTOR
FIELD EFFECT TRANSISTORS

P.C. Box 1450, Alexandria, Virginia 22313-1450 - www.uspTO.GOV



018638/0280 PAGE 2

LAZENA MARTIN, EXAMINER
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)/ 3046

Form PTOQ-1595 (Rev. 07/05 B U.S. DEPARTMENT OF COMMERCE
B 5057 ) [ 12-01- 20086 U~ States Patent and Trademark Office

OMB No. 0651-0027 {exp. 6/30/2008)

’ ARG, e
HII]IW\I!EH\ M
03343232
lo the Director of the U.S. Palent and Irademark Olfice: Please record the atlached docurnents o the new address{es) below.
1. Name of conveying party(ies) 2. Name and address of receiving party(ies)
Name: NA VY, SECRETARY OF THE UNITED
CREE INCORPORATED
internal Address: _STATES OF AMERICA
OFFICE OF NAVAL RESEARCH
Additional name(s) of conveying party(ies) attached?l_lYes [i] No
3. Nature of conveyance/Execution Date(s): Street Address: 875 NORTH RANDOLPH STREET
Execution Date(s) 10/02/06
[ ] Assignment [ | Merger
D Security Agreement D Change of Name City: _ARLINGTON
D Joint Research Agreement State: VA
D Government Interest Assignment Count Zio: 222031906
:__USA ip: -

[/] Executive Order 9424, Confirmatory License ountry P
D Other, Additional name(s) & address(es) attached?D Yes . No
4. Application or patent number(s): [] This document is being filed together with a new application.
A. Patent Application No.(s) : B. Patent No.(s) - 3 3

£ 5§

10/698,170 Dol
Gow o
Additional numbers attached? DYes LY [No =

5. Name and address to whom correspondence 6. Total number of applications ané patgnts 4
concerning documnent should be malled: involved:_| v ]

. O ,:‘
Neme:__0ARO. PETROGKY 7. Total fee (37 CFR 1.21(h) & 3.41) §___
Internal Address: OFFICE OF NAVAL RESEARCH [ Authorized to be charged by credit card

OFFICE OF COUNSEL [] Authorized to be charged to deposit account
lStreet Address:_ 875 NORTH RANDOLPH STREET [ Enclosed
None required (government interest not affecting title)
City: _ ARLINGTON 8. Payment information
State: VA Zlp:_ 22203 1965 a. Credit Card Last 4 Numbers

Expiration Date

Phone Number:  703-686-4004

b. Deposit Account Number CUSTOMER NUMBER

Fax Number._ 703-696-6909

Authorized User Name 26852

Email Address: PETROSC®ONR.

9. Signature: I
Date
IZ{& JAMES BECHTEL Total number of pages including cover 2
) v . .
'Lj Name of Person S'g“'"g sheet, attachments, and documents: .

Documents to be recorded (including cover sheet) should be faxed to (571) 273-0140, or mailed to:
Mail Stop Assignment Recordation Services, Director of the USPTO, P.0.Box 1450, Alexandria, V.A. 22313-1450



Form PTO-1595 (Rev. 07/05)
OMB No. 0651-0027 (exp. 6/30/2008)

PN

U.S. DEPARTMENT OF COMMERCE
United States Patent and Trademark Office

RECORDATION FO

PATENTS ONLY

RM COVER SHEET

To the Director of the U.S. Patent and Trademark Office: Please record the attached documents or the new address(es) below.

1. Name of conveying party(ies)

CREE INCORPORATED

Additional name(s) of conveying party(ies) attached?DYes No|

3. Nature of conveyance/Execution Date(s):
Execution Date(s) 10/02/06

[ ] Assignment [ Merger
D Change of Name

l:l Security Agreement

[:] Joint Research Agreement
D Government Interest Assignment

fZ] Executive Order 9424, Confirmatory License

[:] Other

2. Name and address of receiving party(ies)
Name: NA VY, SECRETARY OF THE UNITED

Internal Address; STATES OF AMERICA

OFFICE OF NAVAL RESEARCH

Street Address: 875 NORTH RANDOLPH STREET

City: _ARLINGTON

State:

VA

Country._ USA Zip:_22203-1995

Additional name(s) & address(es) attached? D Yes No

4. Application or patent number(s):
A Palent Application No.{(s)

10/698,170

Additional numbers att

D This document is being filed together with a now application.

ached? DYes No

B. Patent No.(s)

5. Name and address to whom correspondence
concerning document should be mailed:

6. Total number of applications and patents
involved:_1

Name: CAROL PETROSKY

Internal Address: OFFICE OF NAVAL RESEARCH
OFFICE OF COUNSEL

Street Address: 875 NORTH RANDOLPH STREET

7. Total fee (37 CFR 1.21(h) & 3.41) §
[:I Authorized to be charged by credit card

D Authorized to be charged to deposit account

[:] Enclosed

None required (govermmnenl interest nol affecting lile)

City: _ARLINGTON

State:  vA

Zip: 22203-1995

Phone Number: _703-696-4008

Fax Number:  703-696-6509

8. Payment Information

a. Credit Card Last 4 Numbers
Expiration Date

b. Deposit Account Number CUSTOMER NUMBER

Authorized User Name 26852

Email Address: PETROSC@ONR.NAVY.MIL

9. Signature:

Ao, JAMES BECHTEL

11/27/06
Date

Total number of pages including cover

yu " Name of Person Signing

sheet, attachments, and documents:

Decuments to be recorded {including cover sheet

) should be faxed to (571) 273-0140, or mailed to:

Mail Stop Assignment Recordation Services, Director of the USPTO, P.O.Hox 1450, Alexandria, V.A. 22313-1450



CONFIRMATORY INSTRUMENT

R e e . —
APPLICATION FOR (TITLE OF INVENTION}

Vertical JFET Limited Silicon Carbide Power Metal-Oxide Semiconductor Field Effect Transistors and
Methods of Fabricating Vertioal JFET Limited Silicon Carbide Metal-Oxido Semioconductor Fleld Effect
Translstors

INVENTORS(S)
Sel-Hyung Ryu
SERIAL NO. “FILING DATE
D 0238, P 0279 10{AS, 170 10/30/2003
CONTRACTOR CONTRACT NO. S
Cres, Inc N00014-02-C-0302
The Invention identified above & a “Subject Invention™ under Patent Rights Clause 52-227-12 )

(identify clause by tille and date)

included in Contract No. N00014-02-C-0302

with

Departmeant of the Navy (ONR)
(specify government agancy)

This document confirms the paid-up license granted to the govermment under this contractin this invenlicn, patent application, and
any resulling patent, and all other rights acquired by the government through the referenced clause,

The guverntmentls hereby granted an rrevocable power to Irspact and make copies of the above-identified patent application.

Signed this 2«5\ day of @ﬁgﬁ . 2006

ATTEST:

{Seal)

4600 Silicon Drive, Durham, NC 27703

BUSINESS ADDRESS




UNITED STATES PATENT AND TRADEMARK OFFICE

UNDER SECRETARY OF COMMERCE FOR INTELLECTUAL PROPERTY AND
DiRECTOR OF THE UNITED STATES PATENT AND TRADEMARK OFFICE

DECEMBER 15, 2006

CRMEHR TR RN AR
CAROL PKTROSKY *103343234A%*

OFFICE OF NAVAL RESEARCH
OFFTCE OF COUNSEU

875 NORTH RANDOLPH STREET
ARLINGTON, VA 22203-19895

UNITED STATES PATENT AND TRADEMARK OFFICE
NOTICE OF RECCRDATION OF ASSTGNMENT DOCUMENT

THE ENCLOSED DOCUMENT HAS BEEN RECCRDED BY THE ASSIGNMENT LIVISION OF
THE U.S. PATENT AND TRADEMARK OFFICE. A COMPLETE MICROFILM COPY IS
AVATLABLE AT THE ASSIGNMENT SEARCH ROOM ON THE REEL AND FRAME NUMBER
REFERENCED BELOW.

PLEASE REVIEW ALL INFORMATION CONTAINED ON THIS NOTICE. THE

INFORMATTION CONTAINED ON THIS RECORDATTON NOTTCE REFIECTS THE DATA

PRESENT TN THE PATENT AND TRADEMARK ASSTONMENT SYSTEM TF YOU SHMILD

FIND ANY ERRORS OR HAVE QUESTIONS CONCERNING THIS NOTICE, YOU MAY

CONTACT THE EMPLOYEE WHOSE NAME APPEARS ON THIS NOTICE AT 571-272-3350.
PLEASE SEND REQUEST FOR CORRECTION TO: U.S. PATENT AND TRADEMARK OFFICE,
MATI, STOP: ASSTGNMENT SERVICES BRRANCH, P.0O. BOX 1450, ALEXANDRIA, VA 22313.

RECORDATION DATE: 11/30/2006 REEL/FRAME: 018638/0268
NUMBER OF PAGES: 2

BRIEF: CONFIRMATORY LICENSE (SEE DOCUMENT FOR DETAILS) .

ASSTGNCR:
CREE INCORPORATED DOC DATE: 10/02/2006

ASSIGNEE:
NAVY, SECRICPARY O LS UNLTED
STATES O AMERICA
OFFICE OF NAVAL RESEARCH
875 NORTH RANDOLPH STREET
ARLINGTON, VIRGINIA 22203-19%5

SERIAL NUMBER: 11147645 FILING DATE: 06/08/2005

PATENT NUMBIR. ISSUE DATL.
TITLE: LOW BASAL PLANE DISLOCATION BULK GROWN SIC WAFERS

P.0. Box 1450, Alexandria, Virginia 22313-1450 - www.USPTO.GOV
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JOANN STEWART, EXAMINER
ASSTGNMENT SERVICES BRANCH
PUBLIC RECORDS DIVISION



Férm PTO-1595 (Rev. 07/05) . U.S. DEPARTMENT OF COMMERCE

[/~ 3004

_OMB No. 0651-0027 (exp_6/30/2008) {: 10 - o1 2006 Unigf_:'_ “tates Patent and Trademark Office
- A =
To the Director of the U.S. Patent ar 033&.@2@0&0 the attached documents or the new address(es) below.
1. Name of conveying party(ies) 2. Name and address of receiving party(fes)

Name: NAVY, SECRETARY OF THE UNITED
Internal Address: _STATES OF AMERICA

CREE INCORFORATED

OFFICE OF NAVAL RESEARCH

Additional name(s) of conveying party(les) ulluched?D Yot Nu|

3. Nature of conveyance/Execution Date(s): Street Address: _875 NORTH RANDOLPH STREET
Execution Date(s) 10/02/06

[ ] Assigrment [T} Merger
L__] Security Agreement [:I Change of Name

D Joint Research Agreement State: VA
[} Government Interest Assignment

City: __ ARLINGTON

: .__USA Zip._ 222003-1995
[¢] Executive Order 9424, Confirmatory License Counlry ip
D g Additional name(s) & address(es) attached? [ ves - No
4, Application or patent number(s): [ This document is being filed together with-g ne!g apé'hcatton_
A. Patent Application No.(s) B. Patent No.{(s) = = 3
- 2 =
11/147,645 :f 2=

l-.. . .. g
Ta '
ra =

Fel

Additional numbers attached? [ |Yes [¥]No <o
5. Name and address to whom correspondence 6. Total number of applications and pﬁtenté
concerning documnent should be malled: involved/ 1 _ ST i

— e

Name: CAROL PETROSKY

7. Total fee (37 CFR 1.21(h) & 3.41) $

Internal Address:_ OFFICE OF NAVAL RESEARCH [] Authorized to be charged by credit card
OFFICE OF COUNSEL [ ] Authorized to be charged to deposit account
Street Address: 875 NORTH RANDOLPH STREET [1 Enclosed

None required (government interest not affecting title)

City: _ ARLINGTON 8. Payment Information

a. Credit Card Lasl 4 Nunbers
Expiration Date

State:_ VA Zip:_22203-1965

Phone Number:  /03-696-4008

b. Deposit Account Number CUSTOMER NUMBER

Fax Number.__ 703-696-6309

Authorized User Name _ 26852

Email Address:_PETROSC®@

9. Signature:

1 1/27/08
Date
%f 01 JAMES BECHTEL Total number of pages including cover 2
T/7"  Name of Parson Signing sheet, attachments, and documents:

Documents to be recorded (including cover sheet) should be faxed to (571) 273-0148, or mailed to:
Mai! Stop Assignment Recordation Services, Director of the USPTO, P.0.Box 1450, Alexandria, V.A. 22313-1450



( (
Form PTO-1595 {Rev. 07/05) " U.S. DEPARTMENT OF COMMERCE
OMB No. 0851-0027 ‘exg. 5/30/2008) United States Patent and Trademark Office

RECORDATION FORM COVER SHEET

PATENTS ONLY

To the Director of the U.S. Patent and Trademark Office: Please record the attached documents or the new address(es) below.

1. Name of conveying party(ies} 2. Name and address of receiving party(ies)
Name: _NA VY, SECRETARY OF THE UNITED

CREE INCORPCRATED
Internal Address: STATES OF AMERICA

OFFICE OF NAVAL RESEARCH
Additional name(s) of conveying party(ies) ettached?DYes No:
3. Nature of conveyance/Exaecution Date(s): Street Address: __875 NORTH RANDOLPH STREET
Execution Date(s) 10/02/06
[ ] Assignment [ ] Merger T
[:] Security Agreement D Change of Name City: __ARLINGTON
D Joint Research Agreement State: VA
D Government Interest Assignment .
._USA ip:_22203-1995
IZI Executive Order 9424, Confirmatory License Country P
[_]other Additional name(s) & address(es) attached? [_| Yes [#]No
4. Application or patent number(s): [ This document is being filed togather with a new application.
A. Patenl Application No.(s) B. Palent No.(s)
11/147,645

Additional numbers attached? | |Yes [V]No
5. Name and address to whom correspondence 6. Total number of applications and patents
concerning document should be mailed: involved; 1

Name:__CAROL PETROSKY

7. Total fee (37 CFR 1.21(h) & 3.41) $

Internal Address:__OFFICE OF NAVAL RESEARCH [ Authorized to be charged by credit card
OFFICE OF COUNSEL D Authorized to be charged to deposit account
Street Address:_875 NORTH RANDOLPH STREET [] Enclosed
L/J None required (government interest not affecting title)
City: _ARLINGTON 8. Payment Information
State: VA Zip:. 22203-1985 a. Credit Card Last 4 Numbers

Expiration Date

Phone Number:_ 703-696-4008

b. Depaosit Account Number _CUS IOMER NUMBER

Fax Number:  703-696-6909

Authorized User Name _ 26852

Email Address: PETROSC@ON

9. Signature:

11/27/06
Date
%ra,, JAMES BECHTEL Total number of pages including cover 2
- Name of Person Signing sheet, attachments, and documents:

Decuments to be recorded {including cover sheet) should be faxed to (571) 273-0140, or mailed to:
Mail Stop Assignment Recordation Services, Director of the USPTO, P.O.Box 1450, Alexandria, V.A. 22313-1450



Kaaa N

CONFIRMATORY INSTRUMENT

APPLICATION FOR {TITLE OF INVENTION)

Low basal plane dislocation bulk grown SIC wafers

INVENTORS(S}
Adrian Powell, Vark Brady, anc Valeri F. Tsvetkov

SERIAL NO. _ FILING DATE

P 0488 L i1, Gds 06/08/2005
CONTRACTOR J * CONTRACT NO.

Cres, Inc N00014-02-C-0302

The Invention identified above I3 a “Subject Inveation” under Patent Rights Clause 52-227-12
{identify clause by title and date)

included in Contract No. N0G014-02-C-0302

with

Dgpartment of the Navy (ONR})
(specify government agency)

This document confirms the paid-up license granted to the govemment under this contractin this inventian, palent application, and
any resuling patent, and all other rights acquired by the government through tha referenced clause.

The governraent Is heraby granted an irrevocabla power to Irspect and make coples of the above-identified patent application.

Signed this _Rwoh _ day of @t{ﬁs‘of , 20

ATTEST.

(Seal)

NTRACTOR'S OFFICIAL AND TITLE

4600 Silicon Drive, Durtam, NC 27703

BUSINESS ADDIRESS




~

UNITED STATES PATENT AND TRADEMARK OFFICE

UNBER SECRETARY OF COMMERCE FOR INTELLECTUAL PROPERTY AND
DIRECTOR OF THE UNITED STATES PATENT AND TRADEMARK OFFICE

DECEMBER 15,

B——— (T

OFFICE OF NAVAL RESEARCH

OFFICE OF COUNSEL

875 NORTH RANDOLPH STREET
ARLINGTON, VA 22203-1995

UNITED STATES PATENT AND TRADEMARK COFFICE
NOTICE OF RECORDATICON OF ASSTCNMENT DOCUMENT

THE ENCLOSED DOCUMENT HAS BEEN RECORDED BY THE ASSIGNMENT DIVISION OF
THE U,S. PATENT AND TRADEMARK OFFICE. A COMPLETE MICROFILM COPY IS
AVATLABLE AT THE ASSIGNMENT SEARCH ROCM ON THE REEL AND FRAME NUMBER
REFERENCED BELOW,.

PLEASE REVIEW ALIL, INFORMATION CONTAINED ON THIS NOTICE. THE

INFORMATION CONTAINED ON TEIS RECORDATION NOTICE REFLECTS THE DATA

PRESENT IN THE PATENT AND TRADEMARK ASSIGNMENT SYSTEM. IF YOU SHOULD

FIND ANY ERRORS OR HAVE QUESTIONS CONCERNING THIS NOTICE, YOU MAY

CONTACT THE EMPLOYEE WHOSE NAME APPEARS ON THIS NOTICE AT 571-272-3350.
PTEASE SEND REQUEST FOR CORRECTION TO- 1T 8 PATENT AND TRADEMARK OFFTCEH,
MATL STOP: ASSIGNMENT SERVICES BRANCH, P.O. BOX 1450, ALEXANDRIA, VA 22313.

RECORDATION DATE: 11/30/2006 REEL/FRAME: 018641/0810
NUMBER OF PAGES: 2

BRIEF: CONFIRMATORY LICENSE (SEE DOCUMENT FOR DETAILS) .

ASSIGNOR:
CREE INCORPORATED : DOC DATE: 10/02/2006

ASSIGNEE :
NAVY, SECRETARY OI' TIIE UNITED
STATES OF AMERICA
875 NORTH RANDOLPH STREET
OFFICE NAVAL RESEARCH
ARLINGTON, VIRGINIA 22203-1995

SERIAL NUMBER: 10990607 FILING DATE: 11/17/2004

PATENT NUMBER: ISSUE DATE:

TITLE: REDUCTION OF SUBSURFACE DAMAGE IN THE PRODUCTION OF BULK SIC
CRYSTALS

P.O. Box 1450, Alexandria, Virginia 22313-1450 - wWW.USPTO.GOV
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018641/0810 PAGE 2

PAULA MCCRAY, EXAMINER
ASSTGNMENT SERVICES BRANCH
PUBLIC RECORDS DIVISION



M Mo 0B 1007 (s, 63012008 12-01-2006 __ Spommerorcomence
L =
103343192

To the Director of the U.S. Patent and Trademark Office: Please record the attached documents or the new address(es) below.

U. S DEPARTMENT OF COMMERCE

[1-3 02k

1. Name of conveying party{ies)

CREE INCORPORATED

Additional name(s) of conveylng party(ies) attached‘?DYes No

3. Nature of conveyance/Execution Date(s):
Execution Date(s) 10/02/06

D Assignment [ ] Merger

D Security Agreement I:l Change of Name
[_—.J Joint Research Agreement

[:] Government interest Assignment

[E Executive Order 9424, Confirmatory License

[ Jother

2. Name and address of raceiving party(ies)

Name: NA VY, SECRETARY OF THE UNITED

Internal Address: STATES OF AMERICA

__QFFICE OF NAVAL RESEARCH
Street Address:

875 NORTH RANDOLPH STREET

City: _ARLINGTON

State: VA

Country:__UsA Zip:_ 22203-1996

Additional name(s) & address(es) attached? [ 1 Yes [VINo |

4. Application or patent number(s}:
A. Patent Application No.(s)

10/890,607

|:] This document is being filed together wn‘q a ngw a'ppl jcation.

Additional numbers attached? DYes .No -

)
tr}
o

B. Patent No.(s)

5. Name and address to whom correspondence
concerning docutnent should be mallect:

Name: CAROL PETROSKY

Internal Address: OFFICE OF NAVAL RESEARCH
OFFICE OF COUNSEL

Street Address: 875 NORTH RANDOLPH STREET

6. Total number of appltcaﬂon§«anqﬁateqts
involved: ;

7. Total fee (37 CFR 1.21(h) & 3.41) $
D Authorized to be charged by credit card
EI Authorized to be charged to deposit account

D Enclosed
None required {government interest not affecting title)

City: _ ARLINGTON

State:  vA

Zip:__22203-1995

!Phone Number: 703-696-4008

Fax Number:_ 703-696-6909

Email Address: PETROSC@ON

9. Signature:

KQH JAMES BECHTEL

8. Payment Iinformation

a. CGredit Card Last 4 Numbers

Expiration Date

b. Depaosit Account Number CUSTOMER NUMBER

Authorized User Name _ 26852

11/2 /08
Date

Total number of pages including cover

¢ T Namc of Person Signing

sheet, attachmenls, and documents.

|

Documants to be recorded (including cover sheet) should be faxed to {§71) 273-8140, or mailed to:
Mail Stop Assignmeant Recordation Services, Director of the USPTO, P.O.Box 1450, Alexandria, V.A. 22313-1450



P

Foimi PTQ-1595 (Rev. 07/05)

OMB No. 0651-0027 (exp. 6/30/2008)

U.S. DEPARTMENT OF COMMERCE
United States Patent and Trademark Office

RECORDATION FORM COVER SHEET

PATENTS ONLY

To the Director of the U.S, Patent and Trademark Office: Please record the attached documents or the new address(es) below.

1. Name of conveying party(ies)

CREE INCORPCRATED

Additional name(s) of conveying party(ies) attached?[_|Yes [¥] No

3. Nature of conveyance/Execution Date(s):

Execution Date(s) 10/02/06
[ ] Assignment [_] Merger
D Security Agreement D Change of Name

D Joint Research Agreement
D Government Interest Assignment
[Z] Executive Order 9424, Confirmatory License

[]other

2. Name and address of receiving party(ies)
Name: NA VY, SECRETARY OF THE UNITED

Internal Address. _STATES OF AMENICA

QOFFICE OF NAVAL RESEARCH

Street Address: 875 NORTH RANDOLPH STREET
City: __ARLINGTON

State:  va

Country:__USA Zip:_22203-1995

Additional name(s) & address(es) attached? _D Yes No

4. Application or patent number(s):
A Patent Application No.(s)

10/990,607

[_] This document is being filed together with a new application.

Additional numbers attached? L__] Yes No

B Patent No (5)

5. Name and address to whom correspondence
concerning document should be mailed:

6. Total number of applications and patents
involved:_1

Name: CAROL PETROSKY

Internal Address: OFFICE OF NAVAL RESEARCH
OFFICE OF COUNSEL

Street Address: 875 NORTH RANDOLPH STREET

7. Total fee (37 CFR 1.21(h) & 3.41) $
D Authorized to be charged by credit card

D Authorized to be charged to deposit account

D Enclosed

[7| None required (yoveninent interest not affecting title)

City: _ ARLINGTON

State:_ VA Zip:_22203-1995
Phone Number:_ 703-696-4008
Fax Number:_ 703-696-6509

Email Address: PETROSC®ON

9. Signature:

/ZCI!A JAMES BECH [EL

8. Payment Information

a. Credit Card Last 4 Numbers
Expiration Date

b. Deposit Account Number CUSTOMER NUMBER

Authorized User Name 26852

11/27/06
Date

Total number of pages including cover

&' Name of Person Signing

sheet, attachments, and documents:

Documents to be recorded (including cover sheet) should be faxed to (571) 273-0140, or mailed to:
Mail Stop Assignment Recordation Services, Director of the USPTO, P.0.Box 1450, Alexandria, V.A. 22313-1450



CONFIRMATORY INSTRUMENT

APPLICATION FOR (TITLE OF INVENTION)
Reduction of Subsurface Damage In the Production of Bulk SiC Crystals

INVENTORS(S)

Tsvetkav, Valeri

Powell, Adrian

Nueller, Stephan

SERIAL NO. FILINGDATE

PO419 fo l‘iﬁbl 607 11/17/2004

CONTRACTOR h CONTRACT NO.

Cres, Inc N00014-02-C-0302

The Invention kiantified above is a “Subject Invention” undsr Patent Rights Clause 52-227-

(identify clause by titis and date)

included in Contract No. N00D14-02-C-0302

with

Departmant of the Navy [ONR)

{specify govemment agency)

This documnent confimms the paki-up ficanse granted to the governmant undsr this contract in this Invention, palent upploation, and
any resulling palent, and all other rights acquired by the government through the referenced clause.

The govemmant I3 hereby granted an irrevocable power to Inspect and make coples of the above-identified patant application.

Signed this __ e\ day os_@ﬂ&__&é

_Creg, In¢

CONTRACTOR

ATTEST:

(Son!)

4600 St i m, NC 27703

BUEINEESE ADDRESS




UNITED STATES PATENT AND TRADEMARK OFFICE

UNDER SECRETARY OF COMMERCE FOR INTELLECTUAL PROPERTY AND
DIRECTOR OF THE UNITED STATES PATENT AND TRADEMARK OFFICE

DECEMBER 15, 2006

TSR AT T
CAROL PETROSKY Py

OFFICE OF NAVAL RESEARCII
OFFICE OF COUNSEL

875 NORTH RANDOLPH STREET
ARLINGION, VA 22203-199b

UNITED STATES PATENT AND TRADEMARK OFFICE
NOTICE OF RECORDATION OF ASSIGNMENT DOCUMENT

THE ENCLOSED DOCUMENT HAS BEEN RECORDED BY THE ASSIGNMENT DIVISION OF
THE U.S. PATENT AND TRADEMARK OFFICE. A COMPLETE MICROFILM COPY IS
AVATLABLE AT THE ASSIGNMENT SEARCH ROOM ON THE REEL AND FRAME NUMBER
REFERENCED BELOW.

PLEASE REVIEW ALL INFORMATION CONTAINED ON THIS NOTICE. THE

TNFORMATTON CONTATNED ON THTS RECORDATION NOTTCE REFLECTS THE DATA

PRESENT IN THE PATENT AND TRADEMARK ASSIGNMENT SYSTEM. IF YOU SHOULD

FIND ANY ERRORS OR HAVE QUESTIONS CONCERNING THIS NOTICE, YOU MAY

CONTACT THE EMPLOYEE WHOSE NAME APPEARS ON THIS NOTICE AT 571-272-3350-
PLEASE SEND REQUEST FOR CORRECTION TO: U.S. PATENT AND TRADEMARK OFFICE,
MATL STOP: ASSIGNMENT SERVICES BRANCH, P.0Q. BOX 1450, ALEXANDRIA, VA 22313.

RECORDATION DATE: 11/30/2006 REEL/FRAME: 018641/0803
NUMBER OF PAGES: 2

BRIEF; CONFIRMATORY LICKENSE (Skk DOCUMEND FOR DELALLS) .

ASSTGNOR:
CREE INCORPCORATED DOC DATE: 10/02/2006

ASSIGNEE:
NAVY, SECORETARY OF THE UNTTED
STATES OF AMERICA
€75 NORTH RANDOLPH STREET
CFFICE OF NAVAL RESEARCH
ARLINGTON, VIRGINIA 22203-1995

SERIAL NUMBER: 10790406 FILING DATE: 03/01/2004

PATENT NUMBER: ISSUE DATE:
TITLE: REDUCTION OF CARROT DEFECTS IN SILICON CARBIDE EPITAXY

P.O. Box 1450, Alexandria, Virginia 22313—-1450 - www.USPTO.GOV
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PAULA MCCRAY, EXAMINER
ASSTGNMENT SERVICES BRANCH
PUBLIC RECORDS DIVISION
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Fdfin PTON 595 (Rev. 07/05)

OMB No. 0851-0027 (exp. 6/30/2008) f ’

To the Director of the U.S. Patent a.

42-01-2006

RN e

- q‘\ u'%l.:, ricase record the attached documents or the new address{es) below.

S. DEPARTMENT OF COMMERCE

9}
uf " States Patent and Trademark Office

1. Name of conveying party(ics)

CREE INCORPORATED

Additional name(s) of conveying pariy{ies) altached?D Yes No

3. Nature of conveyance/Execution Date(s):
Execution Date(s) 10/02/06

[ ] Assignment [ ] Merger

D Security Agreement D Change of Name
D Joint Research Agreement

D Government Interest Assignment

L_d Executive Order 9424, Confirmatory License

;l Other

2. Name and address of receiving party(ies)
Name: NA VY, SECRETARY OF THE UNITED

Internal Address: STATES OF AMERICA

OFFICE OF NAVAL RESEARCH

Street Address: 875 NORTH RANDQOLPH STREET.

City: _ ARLINGTCN

State:  va

Country.__USA Zip._22203-1995

Additional name(s) & address(es) attached? I;] Yes No

4. Application or patent number(s):

D This document is being filed together with a new application.

Stroot Address: 875 NORTI| RANDOLP}H STREET

A. Patent Application No.(s) B. Patent No.(s) - 3

10/790,406 > 3

o

Additional numbers attached? [ |Yes [V]|No e s ;

8. Name and address to whom correspondence 6. Total number of appllcatmns-\aﬁd pgten "s

concerning document should be mailed: involved: Y~

_ S

Name:__CAROL PETROSKY 7. Total fee (37 CFR 1.21(h) & 3.41)

Internal Address;_ OFFICE OF NAVAL RESEARCH [ Authorized to be charged by credit card

OFFICE OF COUNSEL

[:] Authaorized to be charged to deposit account
l_] Enclosed
None required (government interest not affecting title)

City: _ ARLINGTON

State: VA Zip:_22203 1905
Phcne Number:  703-686-4008
Fax Number:__ 703-696-6909

Emaii Address: PETROSC@ONR.

8. Payment Information

a. Credit Card Last 4 Numbers
Expiration Date

b. Deposit Account Number CUSTOMER NUMBER

Authorized User Name 26852

9. Signature:
112706
Date
% L0 JAMES BECHTEL Total number of pages including cover 5
‘C/ " Name of Person Signing sheet, attachments, and documents:

Documents to he recorded {including cover sheet) should be faxed to (571) 273-0140, or mailed to:
Mail Stop Assignment Recordation Services, Director of the USPTO, P.0.Box 1450, Alexandria, V.A. 223131450




" Form PTO-1595 (Rev. 07/05)

OMB No. 0651-0027 {exp. 6/30/2008)

e

U.8. DEPARTMENT OF COMMERCE

RECORDATION FORM COVER SHEET

PATENTS ONLY

United States Patent and Trademark Office

To the Director of the U.S. Patent and Trademark Office: Please record the attached documents or the new address(es) below.

1. Name of conveying party(ies)

CREE INCORPORATED

Additional name(s) of conveying party(ies) attached?DYes No

2. Name and address of receiving party(ies)

Name: NAVY, SECRETARY OF THE UNITED

Internal Address: STATES OF AMERICA

OFFICE OF NAVAL RESEARCH

3. Nature of conveyance/Execution Date(s):
Execution Date(s) 10/02/08
[ ] Merger

[ ] Assignment
I:l Security Agreement D Change of Name

[:| Joint Research Agreement
I:] Government Interest Assignment
EZ] Executive Order 9424, Confirmatory License

D Other

Street Address: 875 NORTH RANDOLPH STREET

City: _ ARLINGTON

State:  vA

Country: _USA Zip:_22203-1995

Additional name(s) & address{es) attached? I___] Yes No

4. Application or patent number(s):
A. Patent Application No.(s)

[ ]This

10/790,406

Additional numbers attached? | |Yes [¥]No

document is being filed together with a new application.
B. Patent No.(s)

5. Name and address to whom correspondence
concerning document should be mailed:

Namo:__ CAROL PETROEKY

Internal Address: OFFICE OF NAVAL RESEARCH
QFFICE OF COUNSEL

Street Address:__ 875 NORTH RANDOLPH STREET

6. Total number of applications and patents
involved:_1

7. Total fee (37 CFR 1.21(h) & 3.41} §

D Authorized to be charged by credit card

[:] Authorized to be charged to deposit account

D Enclosed

[7] None required (government interest not affecting title)

Cily: _ARLINGTON

State: VA Zip:_ 22203-1995
Phone Number:  703-696-4008
Fax Number:  703-696-6909

8. Payment Informatlon

a. Credit Card Last 4 Numbers
Expiration Date

b. Deposit Account Number CUSTOMER NUMBER

Authorized User Name 26852

Email Address: PETROSC@ONR.

9. Signature:

%10// JAMES BECHTEL

11/27/06
Date

Tolal number of puges Including cover

_Name of Person Signing

sheet, attachments, and documents:

- ]

Documents to be recorded (including cover sheet) should be faxed to (571) 2730140, or mailed to:
Mail Stop Assignment Recordation Services, Director of the USPTO, P.C.Box 1450, Alexandria, V.A, 22313-1450



CONFIRMATORY INSTRUMENT

APPLICATION FOR (TITLE OF INVENTION)
Reduction of Carrot Defects in Silicon Carbide Epltaxy

INVENTORS(S)
Michas! Jolirr O'Loughilhni and Jusaph Juhn Sumakerls

SERIAL NO. A FILING DATE
P 0395 [Dl‘?ﬁb,‘l‘b(a 03/01/2004
CONTRACTOR ’ CONTRACT NO.
Cree, Inc N00014-02-C-0302
The Invention identified above is a "Subject Invention” under Patent Rights Clause 52-227-12
(identify clause by titie and date)
included In Contract No. NOQQ14-02-C-0302
with
Depantment of the Navy (ONR) .

{specify governmant agency)
This document confinms the paid-up license granted to the government under this contract In this invention, patert application, and
any reaulling patent, and all other rights acqulred by the govermment through the referenced clause.
the guvernment la hereby granted an Irevocable power to inspect and make coples of the above-identified patent application,

Signed this ng\ day of Qc+ob(’ G

lcon Brive, Durham, NC 27703

BUSINESS ADDRESS




UNITED STATES PATENT AND TRADEMARK OFFICE

UNDER SECRETARY OF COMMERCE FOR INTELLECTUAL PROPERTY AND
DIRECTOR OF THE UNITED STATES PATENT AND TRADEMARK OfFICE

DECEMBER 15, 2006

caot, poTROSIY Pns KA A G

k * : *
OFFICE -OF NAVAIL, RESEARCH 1033431874
OFFICE OF COUNSELs

875 NORTH RANDOLDII STREET

AREINGTON{ VA 22203=1995

UNITED STATES PATENT AND TRADEMARK OFFIGE
NOTTCE OF RECORDATION OF ASSTGNMENT DOCUMENT

THE ENCLOSED DOCUMENT HAS BEEN RECCRDED BY THE ASSIGNMENT DIVISICON OF
THE U, S, PATENT AND TRADEMARK OFFICE, A COMPLETE MICROFILM COPY IS
AVAILABLE AT THE ASSIGNMENT SEARCH ROCM ON THE REEL; AND FRAME NUMBER
REFERENCED BELOW,

PLEASE REVIEW ALL, INFORMATION CONTAINED CN THIS NOTICE, THE

INFORMATION CONTAINED ON THIS RECORDATION NOTICE REFLECTS THE DATA

PREGENT IN TIIE PATENT AND TRADIEMARK ASSIGNMENT SYSTEM., I YOU SIIOULD

FIND ANY DRRRORS OR IIAVE QUESTIONS CONCERNING TIIIS NOTICE, YOU MAY

CONTACT THEE EMPLOYEE WHOSE NAME APPEARS ON THIS NOTICE AT 571i~272-3350.
PLEASE SEND REQUEST FOR CORRECTION TO; U,S. PATENT AND TRADEMARK OFFICE
MAIL STOP; ASSIGNMENT SERVICES BRANCH, P,0. BOX 1450, ALEXANDRIA, VA 22313,

RECORDATION DATH: 11/30/2006 REEL/FRAME: 018641/075"
NUMBER OF PAGES: 2

BRIEF; CONFIRMATORY LICENSE (SEE DOCUMENT FOR DETAILS) «

ARRTGNOR ¢
CREE INCORPORATED DOC DATE: 10/02/2006

ASSTIGNEE ¢
NAVY, SIECRETARY OI' TIIE UNITRED
STATES OF AMERICA
8'/5 NOR'TH RANDOLPH STREWT
OFFICE OF NAVAL RESEARCH
ARLINGTON, VIRGINIA 22203-1995

SERTIAI, NUMBERS 10929226 FILING DATE: 08/30/2004

PATENT NUMEBER: ISSUE DATE:
TLTLE; LUTHOGRAPHLIC METHODS I'O REDUCE STACKING FAULYL NUCLEATION SLYES

P.O. Box 1450, Alexandria, Virginia 22313-1450 - www.uspic.Gov
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PAULA MCCRAY, EXAMINER
ASSIGNMENT SERVICES BRANCH
PUBLIC RECORDS DIVISICN




Form PT’,\&ISS% (Rev. 07/05)

OWtB No: D561,0027 (exp, §/30/2008) f{ © 12-01-2008 u’ States Patent and Trademrk Offie
LR —
To the Director of the U.S. Patent and Trademarl gr:r%g ﬂiél Teduiv wie —ewfi€d documents or the new address(es) below.

U.S. DEPARTMENT QF COMMERCE

1. Name of conveying party(ies)

/) 3004

CREE INCORPORATED

Additional name(e) of oonveying party(ioe) attachod?DYoe n No

2. Name and address of receiving party(ies)
Name: NA VY, SECRETARY OF THE UNITED

Internat Address: STATES OF AMERICA

OFFICE OF NAVAL RESEARCH

3. Nature of conveyance/Execution Date(s}):
Execution Date(s) 10/02/06

[ ] Assignment ] Merger

I:] Security Agreement D Change of Name
D Joint Research Agreement

m Government Interest Assignment

IZI Executive Order 9424, Contfirmatory License

|:| Other

Street Address: 875 NORTH RANDOLPH STREET

City: __ARLINGTON

Slale. __ VA

Country:_ USA Zip:_22203-1995

Additional name(s) & address{es) attached? D Yes n No

4. Application or patent number(s):
A. Patent Application No.(s})

[Jrhis

10r829,226

Additional numbers att

document is being filed together with a new apthation.

B. Patent No.(s) - -: o
= T m
= -3 o
e =
o “
Y

<

ached? [ |Yes No

-~
oo

5. Name and address to whom correspondence
concerning document should be mailed:

8. Total number of applications dlli.l patenls
involved: 1 _

aﬂ.m

n ;l

Name:__CAROL PETROSKY

Internal Address: OFFICE OF NAVAL RESEARCH
OFFICE OF COUNSEL

Street Address: 875 NORTH RANDOLPH STREET

et

in

7. Total fea (37 CFR 1.21( h) &341) §
D Authorized to be charged by credit card

D Authorized to be charged to deposit account

El Enclosed

None required (government interest not affecting title}

City: _ ARLINGTON

{ate: VA Zip:_22203 1005
Phone Number:_ 703-606-4008
Fax Number:_ 703-696-6209

8. Payment Information

a. Credit Card Last4 Numbers
Expiration Date

b. Deposit Account Number CUSTOMER NUMBER

Authorized User Name _ 26852

Email Address:; PETROSC@ONR.NAVY.MiL

9. Signature:

S 11727006 —
Date
_A(Qq JAMES BECHTEL Total number of pages inctuding cover 2
Name of Person Slgnlng sheet, attachments, and documents: L

Documents to be recorded (including cover sheet) should be faxed to (571) 273-01490, or mailed to:
Mail Stop Assignment Recordation Services, Director of the USPTO, P.O.Box 1450, Alexandria, V.A. 22313-1450



Form p'roilsgs (Rt;v. 07/05) " U.S. DEPARTMENT OF COMMERCE
OMB No. 0851-0027 (exp. 6/30/2008) United States Patent and Trademark Office

RECORDATION FORM COVER SHEET
PATENTS ONLY
To the Director of the U.S. Patent and Trademark Office: Please record the attached documents or the new address(es) below.

1. Name of conveying party(ies) 2. Name and address of receiving party(ies)
Name: NA VY, SECRETARY OF THE UNITED

CREE INCORPORATED
Internal Address: STATES OF AMERICA

OFFICE OF NAVAL RESEARCH

Additional name(s) of conveying party(ies) attached?]__| Yes [] No]

3. Nalure of conveyance/Execution Date(s): Street Address: _ 875 NORTH RANDOLPH STREET
Execution Date(s) 10/02/06

[ ]Assignment [_] Merger

|:| Security Agreement D Change of Name City: _ARLINGTON

D Joint Research Agreement State: VA

|___| Government Interest Assignment

»_USA ip:  22203.1995
[Zl Executive Order 9424, Confirmatory License Country Zlp
D Other Additional name(s) & address(es) attached? [:_] Yes No
4. Application or patent number(s): [ This document is being filed together with a new application.
A. Patent Application No.(s) B. Patent No.{s)
10/929,226

Additional numbere attached? I:IYes MNO
5. Name and address to whom correspondence 6. Total number of applications and patents
concerning document should be mailed: involved; 1

Name:__CAROL PETROSKY

7. Total fee (37 CFR 1.21(h) & 3.41) §

Internal Address'_ OFFICE OF NAVAL RESEARCH [] Aulhorized to bo chargod by cradit card
it S D Authorized to be charged to deposit account
Street Address:_ 875 NORTH RANDOLPH STREET [] Enclosed
IZ] Notie 1equired (governent inleresl nol alfecting litle)
City: _ARLINGTON 8. Payment Information
State: VA Zip:_22203-1985 a.Credit Card Last4 Numbers

Expiration Date

Phone Number: 703-696-4008

b. Deposit Account Number CUSTOMER NUMBER

Fax Number:  703-696-6909

Authorized User Name 26852

Email Address: PETROSC@ONR.NAVY.MIL

9. Signature:

11/27/06
Date
-A(Q‘h JAMES BECHTEL {otal number of pages including cover 3
" Name of Person ngm—ng sheet, attachments, and documents:

Documents to be recorded {including cover sheet} should be faxed to (571) 273-0140, or mailed to:
Mail Stop Assignment Recordation Services, Director of the USPTQ, P.0O.Box 1450, Alexandria, V.A. 22313-1450



CONFIRMATORY INSTRUMENT

APPLICATION FOR (TITLE OF iNVENTION)

Lithographic Method to Reduce Stacking Fault Nucleation Sites and Structures Having Reduced Stacking
Fault Nuclealion Sites

INVENTORS(S)
Joseph John Sumakeris and Mrinal Das

SERIAL NO. FILING DATE

P 0414 i D]q 9 NG 0B/3012004
CONTRACTOR ¥ CONTRAGT NO.

Cree, Inc N00014-02-C-0302

The invention jdentified above is @ “Subject Invention” under Patent Rights Clause 52-227-12
{ldentify clause by title and date)

included in Contract No, N0O0014-02-C.0302

with

Depariment of the Navy (ONR)
{specify government agency}

This decumant confirma the paid-up license granted to tha gevemment under this contractin this invention, paient application, and
any resulting patent, and all other rights acquired by the government through the referenced clause,

The govemnmentis hereby granted an irevocsble power to inspect and make ¢copies of the above-idenlified patent application.

Signed this ?\‘*A\ day of Og‘l-bh&( N 2&53

Cree, Inc

ATTEST

{Seal)

4600 Silicon Drive, Durham, NC 27703
BUSINESS ADDRESS




UNITED STATES PATENT AND TRADEMARK OFFICE

UNDER SECRETARY OF COMMERCE FOR INTELLECTUAL PROPERTY AND
DIRECTOR OF THE UNITED STATES PATENT AND TRADEMARK OFFICE

DECEMBER 15, 2006

IRTECRNEL A A AR
CAROL PETROSKY 105 3431 DA

OFFICE OF NAVAL RESEARCH

OFFICE OF COUNSEL

875 NCRTH RANDQLPH STREET
ART/TNGTON, VA 22203-1985

UNITED STATES PATENT AND TRADEMARK OFFICE
NOTICE OF RECORDATION OF ASSIGNMENT DOCUMENT

THE ENCLOSED DOCUMENT HAS BEEN RECCRDED BY THE ASSIGNMENT DIVISION CF
THE U.S. PATENT AND TRADEMARK OFFICE. A COMPLETE MICROFILM COPY IS
AVAILABLE AT THE ASSIGNMENT SEARCH ROOM ON THE REEL AND FRAME NUMBER
REFERENCED BELOW.

PLEASE REVIEW ALL INFORMATION CONTAINED ON THIS NOTICE. THE

INFORMATION CONTAINED ON THIS RECORDATION NOTICE REFLECTS THE DATA

PRECSENT IN TIIE PATENT AND TRADEMARK ASSICNMENT SYETEM. I YOU SIICULD

FIND ANY ERRORE CR HAVE QUESTIONS CONCERNING TIIIS NOTICE, YOU MAY

CONTACT THE EMPLOYEE WHOSE NAME APPEARS ON THIS NOTICE AT 571-272-3350.
PLEASE SEND REQUEST FOR CORRECTION TO: U.S. PATENT AND TRADEMARK QOFFICE,
MAIL STOP: ASSIGNMENT SERVICES BRANCH, P.0O. BOX 1450, ALEXANDRIA, VA 22313.

RECORDATION DATE: 11/30/2006 REEL/FRAME: 018G41/0708
' NUMBER OF PAGES: 2

BRIEF: CONFIRMATORY LICENSE (SEE DOCUMENT FOR DETAILS) .

ASSICNOR:
CREE INCORPORATED DOC DATE: 10/02/2006

ASSIGNEE:
NAVY, SECRETARY QF THE UNITED
875 NORTH RANDOLPH S'TREET
STATERS OF AMERICA, OFFICE COF NAVAL
RESEARCH
ARLINGTON, VIRGINIA 22203-1995

SERTAL NUMBER: 10640934 FILING DATE: 08/14/2003

PATENT NUMBER: 7022378 ISSUE DATE: 04/04/2006
TITLE: NITROCEN DASSIVATION OF INTERFACE STATES IN SI02/SIC STRUCTURES

P.O. Box 1450, Alexandria, Virginia 22313-1450 - www.USPTO.GOV
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KIMBERLY WHITE, EXAMINER
ASSIGNMENT SERVICES BRANCH
PUBLIC RECORDS DIVISION
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s N b 1,005 {exs. 530/2008 ( 12-01-2006 ™ T ot o T Ot
O WA =
103343185

| o the Director of the U.5. Palent and (rademark Office. Please record Wi altachied dosurmerts or Wie new address(es) below.

U.8. DEPARTMENT OF COMMERCE

(1:30%

1. Name of conveying party(ies)

CREE INCORPORATED

Addlitional name(s) of conveying parly(les) allachexi? DYes No

Execution Date(s) 10/92/06
[ ] Assignment [ Merger
L—_] Security Agreement D Change of Name

3. Nature of conveyance/Execution Date(s):

D Joint Research Agreement
D Government Interest Assignment
|| Executive Order 9424, Confirmatory License

[ ] other

2. Name and address of receiving party(ies)
Name: NA VY, SECRETARY OF THE UNITED

Internal Address: STATES OF AMERICA

OFFICE OF NAVAL RESEARCH

Street Address: _875 NORTH RANDOLPH STREET

City: _ ARLINGTON

State: VA

Country:__USA Zip: 22203-1995

Additlional name(s) & address{es) attached? D Yes No

4. Application or patent number(s):
A. Patent Application No.(s)

10/640,934

Additional numbers aft

[] This document is being filed together withg new, apéiication.
B. Patent No.(s) :;-: E ,“3
& os
~ "‘J

~
it Fol

I
\
s s

!

ached? gYes No

5. Name and address to whom correspondence
concerning document should be mailed:

6. Total number of applications and Q,qtenfé
involved:_| o

Name:__ CAROL PETROSKY

Internal Address: OFFICE OF NAVAL RESEARCH
OFFICE OF COUNSEL

Street Address:__875 NORTH RANDOLPH STREET

7. Total fee (37 CI'R 1.21(h) & 3.41) $

D Authorized to be charged by credit card

[:I Authorized to be charged to deposit account
[] Enclosed

None required (government interest not affecting titie)

City: _ ARLINGTON

State:__vA Zip:_22203 1996 .
Phone Number: 703 896 4008
Fax Number:___ 703-696-6909

8. Payment Information

a. Credit Card Last 4 Numbers
Fxpiration Date

b. Deposit Account Nummber CUSTOMER NUMBER

Authorized User Name 26852

Email Address: PETROSC@ON

Name of Person Signing

9, Signature:
: 11/27/06
Date
qu JAMES BECHTEL Total number of pages including cover 9
-

sheet, attachments, and documents:

Documents to be recorded (including cover sheet) should be faxed to {571) 273-0140, or malled to:
Mail Stop Assignment Recordation Services, Director of the USPTO, P.O.Box 1450, Alexandria, V.A. 22313-1450



Form PTO-1595 (Rev. 07/05)

OMB No. 0651-0027 (exp. 6/30/2008)

U.S. DEPARTMENT OF COMMERCE
United States Patent and Trademark Office

RECORDATION FORM COVER SHEET

PATENTS ONLY

To the Director of the U.S. Patent and Trademark Office: Please record the attached documents or the new address(es) below.

1. Name of conveying party(ies)

CREE INCORPORATED

Additional name(s) of conveying party(ies) attached?':IYes No

2. Name and address of recelving party(les)
Name: NA VY, SECRETARY OF THE UNITED

Internal Address: STATES O AMERICA

QOFFICE OF NAVAL RESEARCH

3. Nature of conveyance/Execution Date(s):
Execution Date(s) 10/02/06

[ ] Assignment [ ] Merger

D Security Agreement D Change of Name
D Joint Research Agreement

D Government Interest Assignment

IZI Executive Order 9424, Confirmatory License

D Other

Street Address: __875 NORTH RANDOLPH STREET

City: _ARLINGTON

State: _ VA

Counlry.__UsA Zip:_22203-1985

Additional name(s) & address(es) attached? D Yes No

A. Patent Application No.(s)

10/640,934

4. Application or patent number(s): [] This document is being filed together with a new application.

Additional numbers attached? D Yes No

B. Patent No.(s)

5. Name and address to whom correspondence
concerning document should be mailed:

Name: CAROL PETROSKY

Internal Address: OITICE O NAVAL RESEANCI|

OFFICE OF COUNSEL

Street Address: 875 NORTH RANDOLPH STREET

6. Total number of applications and patents
involved:_1

7. Total fee (37 CFR1.21(h)&341) &
D Aulhorized lo be chaiged by credil card

D Authorized to be charged to deposit account

D Enclosed

None required (government interest not affecting title)

City: _ ARLINGTON

State:__vA Zip:_22203-1995

Phone Number: 703-696-4008

Fax Number:  703-695-6809

Email Address: PETROSC@ONR.NAVY.MIL

9. Signature:

§. Payment Information

a. Credit Card Last 4 Numbers
Expiration Date

b. Deposit Account Number CUSTOMER NUMBER

Authorized User Name 26852

11/27/06
Date

{otal number of pages including cover

/ g7 JAMES BECH[EL
= Name of Person Signing

sheet, attachments, and documents:

Documents to be recorded (including cover sheet} should be faxed to (571) 273-0140, or mailed to:
Mall Stop Assignment Recordation Services, Director of the USPTO, P.0O.Box 1450, Alexandria, V.A. 22313-1450



CONFIRMATORY INSTRUMENT

APPLICATION FOR (TITLE OF INVENTION)
Nitrogen Passlvation of Interface States in SiC/S102 Structures

INVENTORS(S)

Das, Mrinal

Saxler, Adam

SERIAL NO. FILING DATE

PO267 | B\ GUD 43y 08/14/2003
CONTRACTOR : CONTRACT NO,

Cres, Inc NO0C014-02-C-0302

The Invention Identified above is a *Subject invention™ under Patent Rights Clause 52-227-12
(identify clause by title and date)

hiclded In Contract No. NOOD14-02-0-0302

with

Cepariment of the Navy (ONR]
(specify govemmant agency)

This dooument confirma the paid-up licanse granted to the govermnment under this contract In this invention, patent appilcation, and
any resulling patent, ang ali other rights acquired by the govemment through the referenced clausa.

The govemant [s hareby granted en Irovooabla nower 16 inspact and maka coples of tha abova-identified patant application.

Signed this _2!\& day of Oo"(?)h«f'

ATIEST

{8eal)

4600 Sllicen Drive, Durham, NC 27703

BUSINESS ADDRESS




UNITED STATES PATENT AND TRADEMARK OFFICE

UNDER SECRETARY OF COMMERCE FOR INTELLECTUAL PROPERTY AND
DIRECTOR OF THE UNITED STATES PATENT ANP TRADEMARK OFFICE

DECEMBER 15, 2006

B LT

OFFICE OF NAVAL RESEARCH OFFICE OF
COUNSEL

875 NORTH RANDOLPH STREET
ARDINGION, VA 22203+~1995

UNITED STATES PATENT AND TRADEMARK OFFICE
NOTICE OF RECORDATION OF ASSICNMENT DOCUMENT

THE ENCLOSED DOCUMENT HAS BEEN RECORDED BY THE ASSIGNMENT DIVISION OF
HE U. 3. PATENT AND TRADEMARK QFFICE, A COMPLETE MICROFITM COPY I8
AVALLABLE &1 THE ASSLIGNMENT SBEARCH ROOM ON THE REEL AND PFRAME WNUMBER

REFERENCED BELOW .,

PLEASE REVIEW ALL INFORMATION CONTAINED ON THIS NOTICE. THE

INFORMATICON CONTAINED ON THIS RECORDATION NOTICE REFLECTS THE DATA

PRESENT IN THE PATENT AND TRADEMARK ASSIGNMENT SYSTEM, IF YOU SHOULD

FIND ANY ERRORS OR HAVE QUESTIONS CONCERNING THIS NOWLCHE, YOU MAY

CONTACT THE EMPLOYEE WHOSE NAME APPEARS ON THIS NOTICE AT 571~272=s3350,
PLEASE SEND REQUEST FOR CORRECTION TO:; U,S. DPATENT AND TRADEMARK OFFTCR,
MAIL STOP: ASSIGNMENT SERVICES BRANCH, P,0O, BOX 1450, ALEXANDRIA, VA 22313,

RECORDATION DATE: 11/30/2006 REEL/FRAME: 018641/0817
NUMBER OF PAGES: 2

BRIEF: CONFIRMATORY LICENSE (SEE DOCUMENT FOR DETATILS) .

ASSIGHNOR:

CREE INCORPORATED DOC DATE: 10/02/2006
ASSIGNEE:

NAVY, SHCRICFARY O TN UN UKD

STATES OF BMERICR
875 NORTII ANDOLI'M STREET
OFFICE OF NAVAL RESEARCH
ARLINGTON, VIRGINIA 22203-1935

SERIAL NUMBER: 10805312 FILING DATE: 03/22/2004

PATENT NUMBER: ISSUE DATE+
TITLE{ BREAD MAKER AND CONTROL METHOD THEREOCFE

F£.0. Box 1450, Alexandria, Virginia 22313-1450 - WAW.USPTO.GOV



018641/0817 PAGE 2

PAULA MCCRAY, EXAMINER
ASSIGNMENT SERVICES BRANCH
PUBLIC RECCRDS DIVISICN



-
Form PTO-1595 (Rev. 07/05) {"

8 DEPARTMENT OF COMMERCE

OMB No. 0851-0027 (exp. 6/30/2008) 1 2 _ 01 - 20 0 6 Ur.. .4 States Patent and Trademark Office
- VRO
To the Director of the U.S. Patentant ... 1 033 431 g4 1 docurnents or the new address(es) below.

/) 304k

11. Name of conveying party(ies)

CREE INCORPORATED

Additional name(s} of conveying party(ies) attached?D Yes No|

3. Nature of conveyance/Execution Date(s):

Execution Date(s) 10/02/06
[]Assignment ] Merger
[] Security Agreement D Change of Name

I:] Joint Research Agreement
[:l Government Interest Assignment
]Z] Executive Order 9424, Confirmatory License

[ ]other

2. Name and address of receiving party(ies)
Name: NA VY, SECRETARY OF THE UNITED

Internal Address: STATES OF AMERICA

__OFFICE OF NAVAL RESEARCH

Street Address: 875 NORTH RANDOLPH STREET

City: _ARLINGTON

State: VA

Country:__UsA Zip:_22203-1995

Additional name(s) & address(es) attached? Q Yes No

4. Application or patent number(s}):
A. Patent Application No.(s)

D This document is being filed together with a new application.

B. Patent No.(s)

concerning document should be mailed:
Name:_CAROL PETROSKY

Internal Address: OFFICE OF NAVAL RESEARCH
OFFICE OF COUNSEL

Street Address: 875 NORTH RANDOLPH STREET *

«J .::

10/805,312 U

=~ I m

Additional numbers attached? [ |ves [v]no = Y

5. Name and address to whom correspondence 6. Total number of applications And patents

i

involved: 1

7. Total fee (37 CFR 1.21(h) & 3.4%) 8 @

D Authorized to be charged by credit card -

[ ] Authorized to be charged to deposit account

D Enclosed

None required (government interest not affecting fitle)

City: __ARLINGTON

State: VA Zip: 22203-1995
Phone Number:._ 703-606-4008
Fax Number:  703-695-6909

Email Address: PETROSC@0O

9. Signature:

JAMES BECHTEL

8. Payment Information

a. Cradit Card Last 4 Numbors
Expiration Dale

b. Deposit Account Number CUSTOMER NUMBER

Authorized User Name 26852

11/27/06
Date

Total number of pages including cover

Ao,

(4

Name of Person Signing

sheet, attachments, and documents:

—

Documents to be recorded (including cover sheat) should be faxed to (571) 273-0140, or mailed to:
#all Stop Assignment Recordatlon Services, Director of the USHTQ, P,0.Hox 1450, Alexandria, V.A. 22313-1450



r . {

< o~

Form PTO-1595 (Rev. 07/05) U.S. DEPARTMENT OF COMMERCE

OMB No. 0651-0027 (exp_6/30/2008) United States Patent and Trademark Office
RECORDATION FORM COVER SHEET
PATENTS ONLY

To the Diractor of tho U.S. Patont and Tradomark Office: Ploase reoord the attached documents or the new address(es) below,

1. Name of conveying party(ies) 2. Name and address of receiving party(ies)
Name: NA VY, SECRETARY OF THE UNITED

CREEF INCORPORATED
Internal Address: SIA{ES OF AMERICA

OFFICE OF NAVAL RESEARCH
Additional name(s) of convaying party(ies) attached? DYes No
3. Nature of conveyance/Execution Date(s): Street Address: _ 875 NORTH RANDOLPH STREET
Execution Date(s) 10/02/06
[ ] Assignment [ ] Merger
I_—_—_] Security Agreement l'_] Change of Name City: _ARLINGTON
D Joint Research Agreement State: VA
l:] Government Interest Assignment .
. .__USA ip:_22203-1995
m Executive Order 9424, Confirmatory License Country P
D Other. Additicnal name(s) & address(es) attached? D Yes No
4. Application or patent number(s}: [_] This document is being filed together with & new application.
A. Patent Application No.(s) B. Natent No.(s)
10/805,312

Additional numbers attached? [ |Yes [/]No
5. Name and address to whom correspondence 6. Total number of applications and patenté
concerning document should be mailed: involved: 1

Name: CAROL PETROSKY

7. Total fee (37 CFR 1.21(h) & 3.41) §

Internal Address:__ OFFICE OF NAVAL RESEARCH [_] Authorized to be charged by credit card
OFFICE OF COUNSEL |:] Authorized to be charged to deposit account
Street Address:__875 NORTII RANDOLPII STREET D Enclosed
[7} Nonc required (government Interest not affecting title)
City: _ ARLINGTON 8. Pa&merit Information
State: VA Zip: 222031995 a. Credit Card Last 4 Numbers

Expiration Date

Phone Number: 703-696-4008

b. Deposit Account Number CUSTOMER NUMBER

Fax Number:  703-696-6909

Authorized User Name 26852

Email Address: PETROSC@ON

9. Signature:

11/27/06
Date
ey JAMES BEGHTEL Total number of pages including cover 5
¢ " Name of Person Signing sheet, attachments, and documents:

Documents to be recorded (including cover sheet) should be faxed to (571) 273-0140, or mailed to:
Mail Stop Assignment Recordation Services, Director of the USPTQ, P.O.Box 1450, Alexandria, V.A. 22313-1450



CONFIRMATORY INSTRUMENT

APPLICATION FOR (TITLE OF INVENTION}
Method to Reduce Stacking Fault Nucleation Sites and Reduce Farward Drift in Bipolar Devices
TINWENTORS(S)

Sumakeris, Joseph J.

SERIAL NO. FILING DATE

P0319/ 10/605,312 09/22/2003
CONTRACTOR CONTRACT NO.

Cree, Inc NQ00014-02-C-0302

The Invention identified above is a “Subject Invention” under Patent Rights Clause 52-227-12
{identify clause by fitle and dafe)

Included in Contract No. NC0014-02-C-0302

with
Department of the Navy (ONR)

(specify government agency)

[his document confinns he pald-up llcense granied to the govermment under this confractin this Invention, patent application, and
any resulting patent, and all other rights acqulred by the government through the referenced clause,

I he government is hereby granted an irrevocable power to inspect and make copies of the above-identified patent application.

Signed this __ %L “& day of &Ol\'-oLQX" ;JQQ

Cree, Inc
CONTRACTOR
ATTEST. il
{Seal}

4690 Jilicon Drive, Durham, NG 27703
BUSINESS ADDRESS




UNITED STATES PATENT AND TRADEMARK OFFICE

UNDER SECRETARY OF COMMERCE FOR INTELLECTUAL PROPERTY AND
IMRECTOR OF THE UNITED STATES PATENT AND TRADEMARK OFFICE

DECEMBER 15, 2006

IR ER
CAROL PRETROSKY *#103343190A%

OFFICE OF NAVAL RESEARCH OFFICE OF
COUNSET,

875 NORTH RANDOLPH STREET
ARLINGTON, VA 22203~1995

UNITED STATES PATENT AND TRADEMARK OFFICE
NOTTCE OF RECORDATION OF ASSTGNMENT DOCUMENT

THE ENCLOSED DOCUMENT HAS BEEN RECORDED BY THE ASSIGNMENT DIVISICON O
THE U.5. PATENT AND TRADEMARK OFFICE. A COMPLETE MICROFILM COPY IS
AVAILABLE AT THE ASSIGNMENT SEARCH ROOM ON THE REEL AND FRAME NUMBER
REFERENCED BELOW.

PLEASE REVIEW ALL INFORMATION CONTAINED ON THIS NOTICE. THE

INFORMATION CONTAINED ON THIS RECORDATICN NOTICE REFLECTS THE DATA

PREESENT IN THE PATENT AND TRADEMARK ASSICNMENT SYSTEM. IF YOU SHOUID

FIND ANY ERRORS OR HAVE QUESTIONS CONCERNING THLS NOU1CHE, YOU MAY

CONTACT THE EMPLOYEE WHOSE NAME APPEARS ON THIS NOTICE AT 571-272-3350.
PLEASE SEND REQUEST FOR CORRECTION TO: U.S. PATENT AND TRAD:MARK OFFICLH,
MATI, STOP: ASSIGNMENT SERVICES BRANCH, P,0. BOX 1450, ALEXANDRIA, VA 22313.

RECORDATION DATE: 11/30/2006 REEL/FRAME: (£18641/0789
NUMBER OF PAGES: 2

BRIEE:; CONFLIRMATORY LICENSE (Skk DOCUMEND FOR DEIALLS) .

ASSIGNOR:
CREE INCORPCRATED DOC DATE: 10/02/2006

ASSIGNEE:
NAVY, SECRETARY OF THE UNTTED
STATES OF AMBRLICA
875 NCRTII RANDOLDPII STREET
OFFICE OF NAVAL RESEARCH
ARLINGTON, VIRGINIA 22203-1935

SERIAL NUMBER: 11052679 FILING DATE: 02/07/2005

PATENT NUMBER: ISSUE DATE:

TITLE: PROCESS FOR PRODUCING SILICON CARBIDE CRYSTALS HAVING INCREASED
MINORITY CARRIER LIFETIMES

P.0. Box 1450, Alexandria, Virginia 223131450 ~wwwUSPTO,GOV



018641/0789 PAGE 2

PAULA MCCRAY, EXAMINER
ASSIGNMENT SERVICES BRANCH
PUBLIC RECORDS DIVISION
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Form PTO-1595 (Rev. 07/05)
OMB No. 0654-0027 (exp. 6/30/2008

+

o

HIHWMIIMWW

12-01-20086

103343990

To the Director of the U.S. Patent and Trademark Office: Please reooru e auached documents or the new address{es) below.

L =~ DEPARTMENT OF COMMERCE
Ur: States Patent and Trademark Office

HEET

T

1) 046

1. Name of conveying party(ies)

GCREE INCORPORATED

3. Nature of conveyance/Execution Date(s):
Execution Date(s) 10/02/06

[} Assignment [ ] Merger

D Security Agreement D Change of Name
D Joint Research Agreement

[—l Government Interest Assignment

[¢] Executive Order 9424, Confirmatory License

_g Other

Additionat name(s) of conveying party(les) aﬁachud?DYea No!

2. Name and address of receiving party{ies)

Name; NA VY, SECREIARY OF THE UNITED

Internal Address: STATES OF AMERICA

OFFICE OF NAVAL RESECANCH

Street Address; 875 NORTH RANDOLPH STREET

City: _ARLINGTON

State: VA

Country:__USA Zlp:_22203-1998

Additional narne(s) & address(es) attached? D th. No

4. Application or patent number(s):
A. Patent Application No.(s)

(] his

11/052,679

Additional numbers attached? [_|ves [V]No

document is being filed together with a’_hew:app@eaﬂon
B. Patent No.(s} >

-
o

o

,l

N
{5
I
o
—

N

5. Name and address to whom correspondence
concerning document should be malled:

Name: CAROL PETRQSKY

Internal Address: OFFICE OF NAVAL RESEARCH
QFFICE OF COUNSEL

Street Address: 875 NORTH RANDOLPH STREET

City: _ ARLINGTON

State:

VA Z1p. 222031995

FPhone Number:__ 703-696-4008

Fax Number:_ 703-6956-6909

Email Address: PETROSC@ONR.NAVY.MIL

9. Signature:

s

JAMES BECHTEL

6. Total number of applications and: patems
Involved:

7. lotal fee (37/ CFR 1.21(h) & 3.41) §
D Authorized to be charged by credit card

E] Authorized to be charged to deposit account

D Enclosed

None required {govermmment interest not affecting title)

8. Payment Information

a. Crodlt Card Last 4 Nurnbots
Expiration Date

b. Deposit Account Number CUSTOMER NUMBER

Authorized User Name _ 26852

| /27106
Date

Total number of pages including cover

il

Name of Person Signing

'_2—|i

sheel, attachments, and documents:

Documents to be recorded (including cover sheet) shouid be faxed to (571) 273-0140, or mailed to:
Mail Stop Assignment Recordation Services, Director of the USPTO, P.0O.Box 1450, Alexandria, V.A. 22313-1450



Form PTO-1595 (Rev. 07/05)

OMB No. 0651-0027 (exp. 6/30/2008)

U.S. DEPARTMENT OF COMMERCE
United States Patent and Trademark Office

RECORDATION FORM COVER SHEET

PATENTS ONLY

To the Director of the U.S. Patent and Trademark Office: Please record the attached documents or the new address(es) below.

1. Name of conveying party(ies)

CREE INCORPORATED

Additional name(s) of conveying party(ies) attached?DYes No

2. Name and address of receiving party(ies)
Name: NA VY, SECRETARY OF THE UNITED

Internal Address: STATES O AMERICA

OFFICE OF NAVAL RESEARCH

3. Nature of conveyance/Execution Date(s):
Execution Date(s) 10/02/06

[] Assignment [ ] Merger

l:l Security Agreement D Change of Name
D Joint Research Agreement
D Government Interest Assignment

[] Executive Order 9424, Confirmatory License
[ ] other

Street Address: 875 NORTH RANDOLPH STREET

City: _ ARLINGTON

State: VA

Country:__USA Zip:_22203-1995

Additional name(s) & address(es) attached? [:l Yes No

4, Application or patent number(s):
A Patent Application No.(s)

11/052,679

Additional numbers att

n This document is being filed together with a new application.

ached? DYes Nn -

B Patent No (s)

5. Name and address to whom correspondence
concerning document should be mailed:

6. Total number of applications and patents
involved:_1

Name: CAROL PETROSKY

Internal Address: OFFICE OF NAVAL HESEAHCH
OFFICE OF COUNSEL

7. Total fee (37 CFR 1.21(h) &3.41) §
D Authorized to be charged by credit card
|:] Authorized to be charged to deposit account

Streot Address: 8756 NORTH RANDOLPH STREET [ "] Enclosed
None required (government interest not affecting titte}

City: _ARLINGTON 8. Payment Information
State: VA Zin: 22203199 a. Credit Card Last 4 Numbers

ate: Ip: 3-19% Expiration Date
Phone Number:__703-696-4008 )

b. Deposit Account Number CUSTOMER NUMBER

Fax Number:___703-696-6909

Authorized User Name _ 26852

Email Address:_ PETROSC@ONR.NAVY.MiL

9. Signature:

s

JAMES BECHTEL

11/27/06
Date

I otal number of pages Including cover

4

Name of Person Signing

sheet, attachments, and documents:

Documents to be recorded (including cover sheet) should be faxed to (571) 273-0140, or mailed to:
Mail Stop Assignment Recordation Services, Director of the USPTO, P.0.Box 1450, Alexandria, V.A. 22313-1450



“APBPLICATION FOR (TITLE OF INVENTION)

CONFIRMATORY INSTRUMENT

Process for Producing Silicon Garbide Crystals Having Increasad Minority Carrler Lifetimes

INVENTORS{S)
Calvin Carter, Jason Jenny, and Dave Malta

SERIAL NO. . FILING DATE

P 0475 | }{D‘SLl 79 02/07/2005
CONTRACTOR ! ) CONTRACT NO.

Gree, Inc NO0014-02-C-0302

The Invention identified above is a “Subject Invention® under Patent Rights Clausa 52-227-12

included in Contract No. N00014-02-.C-0302

with

Department of the Navy (ONR)

(Identify clause by Utle and date)

(specify government agency)

This document confirms the pald-up license granted to the government under this contractin this inventior, patent application, and
any resulting patent, ond all othor rights acauirad by the govemment through the referenced clause.

The guverninent Is haraby grarited an Iravacable power to inspact and make caplos of the above-identified patent applicatlon.

Slgned this Q‘ ag& day of 0c,+a}9€( m

ATTEST.

{Seal}

Cres. Ing

RACTOR'S OFFICIAL AND TITLE

4600 Silicon Drive, Durham, NC 27703

BUSINESS ADDRESS




UNITED STATES PATENT AND TRADEMARK OFFICE

UNDER SECRETARY OF COMMERCE FOR INTELLECTUAL PROPERTY AND
DirECTOR OF THE UNITED STATES PATENT AND TRADEMARK OFFICE

DECEMBER 15, 2006

NNR T R EMIARTIR I A
CAROCL PETROSKY *103343188R%

OFFICE OF NAVAIL RESEARCH CFFICE OF
CONSUNSEL

875 NORTH RANDOLPH STREET
ARLINGTON, VA 22203=-1995

UNITED STATES PATENT AND TRADEMARK OFFICE
NOTICE OF RECORDATION OF ASSIGNMENT DOCUMENT

THE ENCLOSED DOCUMENT HAS BEEN RECORDED BY THE ASSIGNMENT DIVISION OF
THE U.S. PATENT AND TRADEMARK OFFICE, A COMPLETE MICROFILM COPY IS

AVAILARLE AT THE ASSIGNMENT SEARCH ROOM ON TEE REEL AND FRAME NUMBER
REFERENCED BELOW,

PLEASE REVIEW ALIL INFORMATION CONTAINED ON THIS NOTICE, THE

INFORMATION CONTAINED ON THIS RECORDATION NOTICE REFLECTS THE DATA

PRESENT IN THE PATENT AND TRADEMARK ASSIGNMENT SYSTEM, IF YOU SHOULD

FIND ANY ERRORS OR HAVE QUESTIONS CONCERNING THIS NOTICE, YOU MAY

CONTACT THE EMPLOYEE WHOSE NAME APPEARS ON THIS NOTICE AT 571-272-3350,
PLEASE SEND REQUEST FOR CORRECTION TO: U.S. PATENT AND TRADEMARK COFFICE,
MATI, STOP: ASSIGNMENT SERVICES BRANCH, P.O. BOX 1450, ALEXANDRIA, VA 22313.

RECORDATION DATE: 11/30/2006 REEL/FRAME: 018641/0718
NUMBER OF PAGES: 2

BRIEF: CONFIRMATORY LICENSE (SEE DOCUMENT FOR DETAILS) .

ASSIGNOR:
CREE INCORPORATED DOC DATE: 10/02/2006

ASSIGNEE:
NAVY, SLECRETARY Ol Tl UNLYLED
STATES OF AMERTCA
875 NORTH RANDOLPH STREET
OFFICE OF NAVAL RESEARCH
ARLINGTON, VIRGINIA 22203-1995

SERIAL NUMBER: 11363800 FILING DATE: 02/28/2006
PATENT NUMBER: ISSUE DATE:

TITLE: HIGH POWER SILICON CARBIDE (SIC) PIN DIODES HAVING LOW FORWARD
VOLTAGE DROPS

P.O. Box 1450, Alexandria, Virginia 22313—1450 - www.USPTO.GOV



018641/0718 PAGE 2

PAULA MCCRAY, EXAMINER
ASSTIGNMENT SERVICES BRANCH
PUBRLIC RECORDS DIVISION



U.S, DEPARTMENT OF COMMERCE

Form PTQOT 395 {Rev. 07/05) .
OMS8 No. 0851-0027‘ex2 6/30/2008) f 1 2- 01- 2006 U7 States Patent and Trademark Office

X

/!1'} O‘ﬂl‘

‘ T
To the Director of the U.S. Patent and Trademark ngaar'%uau tuwlusu 10 awew ou documents or the new address{es) below.
1. Name of conveying party(ies) 2. Name and address of recelving party(ies}

Name: NA VY, SECRETARY OF THE UNITED
Internal Address: SIAFES OF AMERICA

CREE INCORPORATED

OFTICE OF NAVAL RESEARCH
Additional name(s) of canvaying party(ies) attachad'?[:l Yeg Noj
3. Nature of conveyance/Execution Date(s): Street Address: _875 NORTH RANDOLPH STREET
Execution Date(s) 10/02/08
[ ] Assignment [ ] Merger
|:| Security Agreement I___l Change of Name City: _ARLINGTON
El Joint Research Agreement State: VA
D Government Interest Assignment c -
.__USA 1 222031895
[/] Executive Order 9424, Confirmatory License ountry P
[ ] other Additional name(s) & address(es) attached}? Q’Y\e;. No
4. Application or patent number(s): [] This document is being filed together with pewappnnahon
A. Patent Application No.(s) B. Patent No.(s) =
7 :J !
11/363,800 ¢
~ Z
- I
Additional numbers attached? DYes No SE oy :“’
5. Name and address to whom correspondence 6. Total number of applications and pa‘trénts:;.f
concerning document should be mailed: involved:_t
Name:__CAROL PETROSKY 7. Total fee (37 CFR 1.21(h) & 3.41)
Internal Address:__ OFFICE OF NAVAL RESEARCH D Authorized to be charged by credit card
OFFICE OF COUNSEL [ ] Authorized to be charged to deposit account
Street Address:__875 NORTH RANDOLPH STREET [_] Enclosed

None required (government interest not affecting title)

8. Payment Information

. . a. Credit Card Last 4 Numbers
State:_ va Zlp:_22203-1995 Expiration Date

Plhione Nuinmber.  703-696-4008
Fax Number.__ 703-696-6909
Email Address: PETROSC@ONR.NAVY.MIL

City: _ ARLINGTON

b. Deposit Account Number CUSTOMER NUMBER

Authorized User Name 26852

9. Signature: 11/27/08

Date

/ 1 JAMES BECHTEL Total number of pages including cover | >

sheet, attachments, and documents:

L/~ Name of Person Signing : : -

Documents to be recorded (including cover sheet) should be faxed to (571) 273-8140, or malled to:
Mail Stop Assignment Recordatlon Services, Director of the USPTO, P.O.Box 1450, Alexandria, V.A. 22313-1450




Form PTQ-1595 (Rev. 07/05)

OMB No. 0651-0027 (exp. 6/30/2008)

P

" U.S. DEPARTMENT OF COMMERCE
United States Patent and Trademark Office

RECORDATION FORM COVER SHEET

PATENTS ONLY

To the Director of the U.S. Patent and Trademark Office: Please record the aitached documents or the new address(es) below.

CREE INCORPORATLD

1. Name of conveying party(ies)

Additional name(s) of conveying party(ies) attached?DYes No

2. Name and address of receiving party(ies)
Name: NA VY, SECRETARY OF THE UNITED

Internal Address: STATES OF AMERICA

OFFICE OF NAVAL RESEARGH

Execution Date(s) 10/02/06

3. Nature of conveyance/Execution Date(s):

Street Address: 875 NOHIH BANDULPH SIREE!

D Joint Research Agreement

D Other

[ ] Assignment [ ] Merger
D Security Agreement [—| Change of Name

D Government Interest Assignment
IZ] Executive Order 8424, Confirmatory License

City: _ ARLINGTON

State: VA

Country:__USA Zip:_22203-1996

Additional name(s) & address(es) attached? [____] Yes No

A Patent Application No (s)

11/363,800

4. Application or patent number(s):

Additional numbers attached? [_|Yes [v]No

|___1 This document is being filed together with a new application.

B. Patent No.(s)

concerning document should
Namo: CAHOL PETROSKY

5. Name and address to whom correspondence

be mailed:

Internal Address: OFFICE OF NAVAL RESEARCH

OFFICE OF COUNSEL

Street Address __875 NORTH RANROLPH STREET

City: _ARLINGTON

State: VA

Zip:_22203-1995

6. Total number of applications and patents
involved:_1

7. Total fee (37 CFR 1.21(h) & 3.41) §
D Authorized to be charged by credit card

D Authorized to be charged to deposit account

|___| Enclosed

m None required (government Inleiest not affecting litle)

8. Payment Information
a. Credit Card Last 4 Numbers

Phone Number: 703-696-4008

Expiration Date

Fax Number:  703-696-6909

Email Address:_ PETROSC@ONR.

9. Signature:

1 o | JAMES BECH ( EL

b. Deposit Account Number CUSTOMER NUMBER

Authorized User Name _ 26852

11/27/086
Date

[otal nurnber of pages Including cover

N

Z/“' " Name of Person Signing _

sheet, attachments, and documents:

Documents to be recorded (including cover sheet) should be faxed to (571) 273-0140, or mailed to:
Mail Stop Assignment Recordation Services, Director of the USPTO, P.O.Box 1450, Alexandria, V.A. 22313-1450



.
o,

CONFIRMATORY INSTRUMENT

APPLICATION FOR (TITLE GF INVENTION)

High Power Silicon Carbide PiN Dicdes Having Low Forward Voitage Drops

INVENTORS(S)
Das, Mrinal
Hull, Brelt
Sumakeris, Joe

SERIAL NO. FILING DATE
P0526 H [ 5105! %00 02/28/2006

CONTRACTCR CONTRACT NO.
Cree, Inc NO0Q014-02-C-0302

The Invention Identified above is a *Subject Invention” under Patent Rights Clause 52-227-12
{identify clause by title and date)

included in Contract No, N00014-02-C-0302

wih

Depariment of the Navy (ONR)
(specify government agency)

This document confirms the paid-up license granted to the govemment under this contract in this inventicn, patent application, and
any resulting palent, and all otrer rights acqui‘ed by the government through the referenced clause.

The government is hereby granted an imevocatle power lo inspect and make coples of the above-identified patent application,

Signed this ‘QEA day Ofm.mé_

CONTIRACTOR

ATTEST:

{Seat)

4600 Sliicen Drive, Durham, NC 27703
BUSINESS ADDRESS




UNITED STATES PATENT AND TRADEMARK OFFICE

UNDER SECRETARY OF COMMERCE FOR INTELLECTUAL PROPERTY AND
DHRECTOR OF THE UNITED STATES PATENT AND TRADEMARK OFFICE

DECEMBER 15, 2006

S O

OFFICE OF NAVAL RESEARCH OFFICE OF ET Al
875 NORTH RANDOLPH STREET
ARLINGTON, VA 22203-1995

UNITED STATES PATENT AND TRADEMARK OFFICE
NOTICE OF RECCRDATION OF ASSIGNMENT DOCUMENT

THE ENCLOSED DOCUMENT HAS BEEN RECCORDED BY THE A3SIGNMENT DIVISION OF
THE U.S. PATENT AND TRADEMARK OFFICE, A COMPLETE MICROFILM COPY IS
AVAILABLE AT THE ASSIGNMENT SEARCH ROOM ON THE REEL AND FRAME NUMBER
REFERENCED BELOW.

PLEASE REVIEW ALL INFORMATION CONTAINED ON THIS NOTICE, THE

INFORMATION CONTAINED ON THIS RECORDATION NOTICE REFLECTS THE DATA

PRESENT IN THE PATENT AND TRADEMARK ASSIGNMENT SYSTEM, IF YOU SHOULD

FLND ANY ERRORS OR HAVE QUESTIONS CONCERNING IH1IS NOLTLCE, YOU MAY

CONTACT THE EMPLOYEE WHOSE NAME APPEARS ON THIS NOTICE AT 571-272-3350.
PLEASE SEND REQUEST FOR CORRECTION TO: U.S. PATENT AND TRADEDMARK OFFICE,
MATL STOP: ASSIGNMENT SERVICES BRANCH, P.O. BOX 1450, ALEXANDRIA, VA 22313.

RECORDATION DATE: 11/30/2006 REEL/FRAME: 018638/0303
NUMBER OF PAGES: 2

BRIEF: CONFIRMATORY LICENSE (SEE DOCUMENT FOR DETAILS).

ASSIGNOR:

CREE INCCRPORATED DOC DATE: 10/02/2006
ASSIGNEE:

NAVY, SECRITARY OF 'L UNTUTRD

STATES OF AMERICA OFTTICE O
NAVAL RESEARCH
875 NORTH RANDOLPH STREET
ARLINGTON, VIRGINIA 22203-1955

SERIAT, NUMBER: 11128447 FILING DATE: 05/13/2005

PATENT NUMBER: ISSUE DATE:
TITLE: METHCD AND APPARATUS FCR THE PRODUCTION OF SILICON CARBIDE CRYSTALS

P.O. Box 1450, Alexandria, Virginia 22313-1450 - www.USPTO.GOV




018638/0303 PAGE 2

JOANN STEWART, EXAMINER
ASSIGNMENT SERVICES BRANCH
PUBLIC RECORDS DIVISION



/).-309L,

. Form PTO-1595 (Rev. 07/05) . U.S. DEPARTMENT OF COMMERCE

" OMB No. 0851-0027 {exp. 6/30/2008) ( a 12 - 01 - 2006 u{‘-‘" 1 States Patent and Trademark Office
| T —
To the Diraclor of the U.S. Patent &. .---.....1@.@@%&%%030«! the attachod doouments or tho now addrose{os) below.
1. Name of conveying party(ies) 2. Namse and address of receiving party(ies}

Namo: NA VY, SECRETARY QF THE UNITED

CREE INCORPORATED
Internal Address: STATES OF AMERICA

OFFICE OF NAVAL RESEARCH

Addilional name(s) of conveying party(ies) atlached?D Yes n No

3. Nature of conveyance/Execution Date(s): Street Address: 875 NORTH RANDOLPH STREET
Execution Date(s) 10/02/06
[_] Assignment [ ] Merger
D Security Agreement D Change of Name City: _ARLINGTON
D Joint Research Agreement State: VA
[___l Government Interest Assignment
[Z] Executive Crder 9424, Confirmatory License Country:_Ush Zlp:_eacec 1999
L] Other Additional name(s) & address(es) attacheg? [_] Yes [“]No
4. Application or patent number(s): [[] This document is being filed together with a new application.
A. Patent Application No.(s) B. Patent No.(s) - 3 S
11/128,447 £ 50
Additional numbers attached? E]Yes .No 5_:‘: _’
8. Name and address to whom correspondence 6. Total number of appllcations dnd pﬁfen
concerning document should be mailed: invalved: 1 . _L—J . ,7
Name:__CAROL PRTROSKY 7. Total foo (37 CFR 1.21(h) &3.41) §.~_ =
internal Address:__OFFICE OF NAVAL RESEARCH ] Authorized to be charged by credit card
OFFICE OF COUNSEL [ ] Authorized to be charged to deposit account
Street Address:__875 NORTH RANDOLPH STREET [_] Enclosed

None required (govemment interest not affecting title)

City: _ARLINGTON 8. Payment Information

a. Credit Card Last 4 Numbers
Expiration Date

Stato___vA Zip~_ 20208 1995

Phone Number: 703-696-4008

b. Deposit Account Number _CUSTOMER NUMBER

Fax Number:__ 703-696-6909

Authorized User Name 26852

Email Address: PETROSC@ONR.NAVY.MIL

9. Signature:

11/27/06
ighature Date
%@7 JAMES BECHTEL Total number of pages including cover |
% Name of Person Signing sheel, attachments, and documents:

Documents to be recorded (including cover sheet) should be faxed to (571} 273-0140, or mailed to:
Mail Stop Assignment Recordation Services, Director of the USPTO, P.O.Box 1450, Alexandria, V.A. 22313+1450



9
' Form P'TO-1595 (Rev. 07/05) U.S. DEPARTMENT OF COMMERCE
OMB No. 0651-0027 ‘exg. 8/30/2008) United States Patent and Trademark Office

RECORDATION FORM COVER SHEET

PATENTS ONLY

To the Director of the U.S. Patent and Tradomark Offioo: Ploaso rocord the attached doouments or the new address(as) bslow.

1. Name of conveying party(ies) 2. Name and address of receiving party(ies)
Name: NAVY, SECRETARY OF THE UNITED

CREE INCORPORATED
nternal Address.  STATES OF AMERIGA

OFFICE OF NAVAL RESEARCH

Additional name(s) of conveying party(ies) attached?DYas No|

3. Nature of conveyance/Execution Date(s): Street Address: __875 NORTH RANDOLPH STREET
Execution Date(s) 10/02/06

[] Assignment [ ] Merger

D Sccurity Agreement I:I Change of Name City: _ARLINGTON

D Joint Research Agreement State: VA

D Government Interest Assignment _

m Executive Order 9424, Confirmatory License Country:_UsA Zip:_22203-1995
_l:_]__Other Additional name(s) & address(es) attachet@_ Yes |¥INo
4. Application or patent number(s): [] This document is being filed together with a new application.
A Patent Application No (s) B. Patent No.(s)

11/128,447

Additional numbers attached? [ |Yes [V]No

5. Name and address to whom correspondence 6. Total number of applications and patents
concerning document should be mailed: involved: 1

Name: CAROL PETROSKY

7. Total fee (37 CFR 1.21(h) & 3.41) §

Internal Address:_ OFFICE CF NAVAL RESEARCH I:] Authorized to be charged by credit card
S e det s D Authorized to be charged to deposit account
Street Address:__876 NORTH RANDQLPH STREET D Enclosed
[7] None requirced (government interest not affecting title)
City: _ARLINGTON 8. Péyment Information
State: VA Zip:. 22203-1995 a. Credit Card Last4 Numbers

Expiration Date

Phone Number:_ 703-686-4008

b. Deposit Accounl Nummber CUSTOMER NUMBER

Fax Number:  703-696-6909

Authorized User Name 26852

Email Address: PETROSC@ONR.NAVY.MIL

. Sign e:
9. Signatur 11/27/06
Date
~ _
%@7 JAMES BECHTEL Total number of pages including cover 2
T Name of Person Sﬂning sheet, attachments, and documents:

Documents to be recorded {including cover sheet) should be faxed to (571) 273-0140, or mailed to:
Mail Stop Assignment Recordation Services, Director of the USPTO, P.0.Box 1450, Alexandria, V.A. 22313-1450
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CONFIRMATORY INSTRUMENT
TAPPLICATION FOR (TTTLE OF INVERTIGN] -

Method and Apparatus for the Froduction of Silicon Carbide Crystals

INVENTORS(S)
Valeri F, Tevetkev and David P. Maita

SERIAL NO. FILING DATE
P 0503 18,447 05/13/2005
CONTRACTOR CONTRACT NO.
Cree, Inc N00014-02-C-0302
The Invention ldentified above is a “Subject Invention” under Patent Rights Clause 52-227-12
(identify clausa by title and date)
Included in Contract No. NQ014-02-C-0302
with
Department of the Navy (ONR)

{specify govemment agency)
This document confirms the pald-up license granted to the govemment under this centract in this invention, patent application, and
any rusullng puiont, and all other rights acquired by e governtnent thraugh the referenced clause.
The goverminent Is hereby granted an Irrevocable power to Inspect and make caplas of tha above-identitied patent application.

Signed this gyl day of OCE‘& =9

AlIEST:

{Seal)

4600 Silicon Drive, Durham, NC 27703

BUSINESS ADDRESS




REPORT OF INVENTIONS AND SUBCINTRACTS

{Pursuant to “Patent Rights” Contract Cla sse} (See Instruciions en back)

Form A ved
OMB No. 2063-0095
Expires fan 31, 2002

rovigwing {
{3000

camments

bli 7tii hi -eclionof infornaton is estimated lo avera
The pu m;aeng;sllggl%l:‘r%e’?nl‘ecrrﬁné&g%n%\c informaton is asfim, ~

egarding this burde- e!?lmﬂlﬂ or any othor aspect of this collaction of infcrration including
95!. Raspondents sheuld by aware that nokvilhstanding any olher provision of law, no parson shall be subject to &ny penatty for @iling to comply wih a cellection

1.2, NAME CF CONTRACTOR/S JBCONTRACTOR
Cree, Inc.

¢. CONTRACT NUMBER

NG0012-02-C-0302 Same as Block 1

2.3, NATKE OF GOVERNMENT PRIME CONTRACTOR

e 1 hour per response, inchading the tima *of roviewing irstructions, searching oxisting dols sounces, gmerin ard rmainlainingthe data needed, and complating and
suggos'ions for reducing tha bar;

PLEASE DO NOT RETURN YOUR COMPLETED FORM TG THE ABOVE ORGANIZATION. RETURN COMPLETED FORM TQ THE CONTRACTING OFFICER.

irfcrorakor il il does not display a currently valid OMB gontra® numbor.

n, to Department of Da'ansc, Exocutive Services Bractorate

t. CON"RAC™ NUMBER

1, TYPE QF REPORT (X oxe)

{a.mrerm [ b, FvaL

b. ADDRESS (Mcivgs iF (oge)

4600 Silicon Drive
Durham, NC 27703

d. AWARD DATE
(YYYYiiD0)

20020628

b. ACORESS Unchuce TP Code}

4, AWARD DATE

9 Yy
AWARD DATE 1. REPORTING PERIOD (177 "un0D]

a. FROM 20020628

b. TO 20050222

SECTION | - SUBJECT IMYENT ON$S

5. "SUBJECT INVENTIONS" REQUIRED TO BE REPORTED BY COMTRACTORISURCONTRAGTYOR (if "Naan, " sa sinta)

SLECTION TO FILE

= CONFIRMATORY INSTRUXENT
DISCLOBURE NUMBZR, E
KAME(S} OF INJENTOR(S; TITLE OF INVENTION(S) PATERT APFLIGATION PAT=NT APFLIGATIONS &) OR ASSIGNBIENT FDR’:";‘_?_NED
¢Last, First, Midase Sniliol} SERIAL NUMBER CR TO CONTRACTING OFFICER {X}
PATENT NUMBER 1) UNITED STATES|  {2) FOREIGN a
2 b. 2 {a] YES | (b}NO | (a} YES | (b NG (] YES (E}B0

Sumakeris, Joseph; Paisley, Michael
Mueller, Stephan; Hobgood, +.udson McSonald
Burk, Albert

Employ Alternative Crystal Crientations to
Minimize Vf Drift in Bipolar Devices

PG312

RESCIND ~ No
Invention

f. EMPLOYER OF INVEKTOR(S) NOT SMPLOYSD BY COKTRACTOR/ISUBCONTRACTOR

9. ZLECTED FOREIGN COUNTRIES [N WHICH A PATENT APPLICATION WXL BE FILED

(1) {a) NARE OF INVENTOR {Lasi, Flra:, Middle iniilal)

{2) {(3) HAME OF IKVENTOR (Las!, Firsl, Midde Ml

{1) TITLE GF INVENT:ON

{b) KAME OF EMFLOYER

{b) NAME OF EMPLOYER

te) ADDRESS OF EMPLOYER (/nclude 27 Coded

{¢) ADDRESS OF EMPLOYER (/nclude 2iP Codo}

4

SECTION |l - SUBCONTRACTS (Cantauring a "“atent Rights" cla

6. SUBCONTRACTS AWARDED EY CONTRACTOR/SUBCONTRAC “OR (¥ "None,” so stale}

Contractor's.
Report of I

(&) FOREIGN COUNTRIES OF PATENT APPLICATICN

2/387

FAR “PATENT RIGHTS"

SUBCONTRACT DATES (YYYYMMOD,
NAME OF SUBCONTRACTOR(S} SUBCONTRACT DESSRIPTION OF WO TC 3€ PERFORMED SHESE ATES( )
ABDRESS flncluca ZIP Code) NUHBER(S) < UNDER SUBGTHTRACTIS)
¥ c. {4} FLAUSZ {2, DATE . 1) AWARD (2} ESY!AYED
a b NEMBER 1YY YYAM) CONPLETION

SECTIOHN lIl - CERTIFICATICN

7. CERTIFICATION OF REPORY 3Y CONTRACTOR/SUBCONTRACTYOR (Nof required if: {X as appropaale)) | | SMALL BUSINESS or

| NONPROFIT ORGANIZATION

Inventions" have been repostod,

| cartify that the reporting party kas procadures {or prom pt identification and timely disclosure of “Subject Invenlions," that such procedures have been followee and that all "Subjec:

)

DD FORM 882, JUL 2005

o8 GLONRT 14674

PREVIOUS EDITION IS 03802

2. NAME OF AUTHCRIZED CONTRACTOR/SUBCORTRAGT OR b, TITLE c. SJENATURE 4. DATE SIGNED
COFFICIAL {1ast, First, Micdle Inifas:
Degnan, Sharon M Contracts Manager

)O}Z(/Z)La




DEPARTMENT OF THE NAVY
OFFICE OF NAVAL RESEARCH
875 NORTH RANDOLPH STREET
SUITE 1425
ARLINGTON VA 22203-1995 IN REPLY REFER TO:

5870
Ser BDCC/026
February 9, 2007

From: Patent Counsel, ONR Code BDCC
To: Cont racl ing O((icer, DCMA/Raleigh Durham

Subij: CONTRACT NUMBER N00014-02-C-0302 WITH CREE INCORPORATED
Encl: (1) DD Form 882 dated October 2, 2006

1. Enclosed is thc above Contractor's final Report of Inventions
and Subcontracts.

2. The Contractor has fulfilled all the patent requirements of the
Contract; therefore, patent clearance is granted.

JA
ng;? Patent Counsel of the Navy




REPORT OF INVENTIONS AND SUBCONTRACTS Fonr Aoroved

{(Fursuant to "Patent Righis" Conlract Ciause; {Ses instructicns on back) Exgisos Jan 21, 2608

Tha paihlic epnrting burden for this eolzelion of infarmalian Is asimatad ta avarage 1 heur por responsn, inchsding e Ume for roviewing instruclions, searching exisling data soutcas, gathering and maintaining the data needed, and carglol d
i Hect ink :jon. Send commants ragerding this burdan as%qnnlo -or any pther aspect of trig sullection of lnforma%on Including sugaeslicns for redusing tho burden, lo Japartment of Dgl’cﬁsn, Exgmllve Sew{gu o&&?e

(-] a2 Al
(S000-00c3! Respandents should be awvara that notwithsiancing any other provision o' law, 1o person shall be surject Lo any penally for failing Lo comply wilkt a collecticn o Informalion'if it doas net display a<asrontly valid OMB cantrol number.

PLEASE DD NOT RETURN YOUR COMPLEYED £ ORM TO TAE ABOVE ORGANIZATION. RETURN COMPLETED FORM T THE CONTRACTING OFFICER.

1.2. NARE OF CONTRACTOR/SUBCONTRACTOR ¢ SONTRACT NUMBER 2.3, NAME OF GOVERNMENT FRIME CONTRACTOR | o, CONTRACT NUMBER 2 TYPE OF REPORY ¢X ona)
Cree, igc. N2C014-02-C-0302 Same as Block 1 - Ja.mterm  [X] b. FinaL
b, ADDRESS (Iriciude Z+% Code) d. AWARD DATE | &. ADDRESE (¥ickde LiF (o) d. AWARD DATE 8
> ‘ Yy PYMMDO) (YY:"YMMDQ) 4. REPORTING PERIOD ¢vyYyHHDD)
4800 Siicon Drive 2 FROM 20020528
20620628
Durhana, NC 27763 b. TO 20050222

SECTION | - SUBJECT INVENTIONS

g, "SURLEAT INVENTIONS" REQUIRED TO BE REPORTED BY CONTRACTORISUBCONTRACTOR (i "4iore,” to state)

ELECTION TO FILE CONFIRMATORY [RSTRUMEAT
DISCLOSURE NUMBER, ,
NAME(S} OF IVEN TOR}S) TITLE OF INVENTION:S) PATENT ARPLICATION PATENT APPLICATIONS (X, OR ASS:GHMENT FORWARDED
(Losl, First, Micdlo wiliai} SERAL NUMBER CR : . TO CONTRACTING OFFICER (X)
SATENT HUMBER {4)UN TED STATES|  (2) FOREIGN a.
2. b, c, ) ves | N | ayves | o (a} ves {b) NO
Tsvetkor, Valeri Reduction of Cracking Rale in Sic £0383 X X X
Brady, Mark
1. EMPLOYER OF INVEKTOR(S) NOY EMPLOYED BY CONTRACTORISUBGON TRACTOR 4. ELECTED FOREIGN COUNTRIES [N WHICH A PATENT APFLICATION WILL BE FILED
(1) (3) NAE OF INVENTOR (Last, First, prddte initiai) (2 (=) NAME OF (NVENTOR (Last, First, ticdle Inasi; (1) TITLE OF INVENTION (2; FOREIGK COUNTRIES OF PATENT APFLICATION
{b} NAME CF EMPLOYER |5} NAME OF EHPLOYER
[} ADDRESE OF EXPLOYER fincluce 1P Code) {¢] ADDRESS OF EMPLOYER (inciude ZiP Csde)

SECTION H - SUBCONTRACTS (Containing a "Patent Rights"” clause)

5. SUBCINTRACTS AWARDED 87 CONTRACTORISUBSONTRACTOR (/f "Nene,” so siate)

FAR“FATENT RIGHTS" : "
NAME 9 SUBCONTRACTOR(S) SUBGONTRACT ‘ DESCRIFTION OF WORK TO BE PERFORBED SJBCONTRACT GATES (¥YYYMMDO)
ADDRESS (irchude Z8 Code} NUMBER(S) : UNDER SLBCONTRAGT(S) :
. " TRCLAUSE | (2) DATE o [ AWARD | @ ESTMATED
i - HUMBER I (yYYyMm) COMPLEY O

Please sez attached

SECTION {ll - CERTIFICATION

7. CERTIACATION OF REPORT BY GONTRAGTQOR/SUSCONTRAC TOR (Not rquined if: (X as appropnate)) | | SMALE BUSINESS ar | | NONPROFIT ORGANIZATION

t cartfe that the reporting perty has procedures for prompt identification and timely disciosure of “Subject inventions,” that such prozedures have been followed and that all "Subject
Inventlows” have been réportec.

2. NAME GF AUTHORIZED CONTRACTOR/SUBCONTRACTOR | b, TITLE . TURE d. DATE SIGNEQ
OFFICIAL (Last, Fiist, Middie inital) Zj
Degnan Sharon # Contracts Manager [ b A?,()
l.
DD FORM 882, JUL 20C5 PREVIOUS EDITION IS OBSOLE

LCH U007 10t




ATTACHMENT TO REPORT OF INVENTIONS AND SUEBCONTRACTS

Prima Contractor:
Coniract Number:

Cree, Inc.
NO0014-22-C-0302

6. Supcontracts Awarded by Contractor/3ubcontractor

Subcontract  FAR "Patent Rights” Description of Work to Subcontract Dates

Name of Subcontractor{s) Address Number Clause Date be Performed Award Est. Compl.
Carnegie Melcn University 5000 Fcrbes Avenue 02-005 52.227-11 Jan-87 Characterization services 20020328 20040627

Pittsburgh, PA 15213-389)

T

Case Western University 10900 Euzlid Avenue 02-0068 52.227-12  Jan-97  Substrate Material and 20020528 20041128 !

Clevelanc, OH 44108-7C15 Device Structuras
Purdus University 302 Weod Sireet 02-007 52,227-11 Jan-97  Dev. High Power SiC 20020528 20041222

West Lafayelte, [N 47907 MOSFETs
Renssalaer 110 8th Street 04-001 52.227-11 Jan-97  Evaluation of Sic 20040201 20041222

Troy, NY 1280

Substrates




REPORT OF INVENTIONS AND SUBCONTRACTS Form Approved

. ‘ MB No. 0-00
(Pursaart to "Patent Rights™ Canlract Clause, (Sea Instructions on back) . grpfraNsonfg“g! 1, 299051
The public rapert ng durden for this collecticn of inforimation is astimatex to avaraga 1 how* par respoase, including e tima for reviewing insltuctions, searching exisling data sources, gathering and maintairks the data needed, znd compleling and
raviewing the oefiection of information Sapc comments rc%ardmg this birden eslimate oF any other aspect of this coitection of Informason, Including suggestions for reducmg ine burden, la Department of Delemse, Washinglon Headquarters Services,
Directorale for wormalion Cgerations and Rerpns (9000-0095}, 1215 _effersan Davis Highway, Sulte 1204, Atlingen, VA 22202-4303. Raspondonts should ba aware thet notwithstanding any cther pravisior f taw, na parson shail be sudject to any
penalty for faiting 1o comply with a colisctior of informaticn if it does aot aisplay a currenliy valid SMB control humbe:,

| PLEASE DO KOT RETURN YOUR COMPLETED FORN TQ THIS ADDRESS. RETURN COMPLETED FORM TQ THE CONTRACTING OFFICER.

 PLEASE BO NOT RE RN YOUR v U L T N I L B A e e e e
7.3, NAME OF CONTRAC TORISUBCONTRACTOR c. CONTRACT NUMBER 2.2. NAME OF GOVERNMENT PRIME CONTRACTOR ¢, GONTRAGT NUMBER 3. TYPE OF REFORT (X one)
Cree, Inc NC0014-02-C-0302 Same as 1a Same as ¢ [ainTER X [b. FINAL
b. ADDRESS (wciude ZIP Code) d. AWARG DATE | b, ADCRESS (incude ZIP Code) d. AWARD DATE | 2, REPORTING RERIOD (¥ ¥YMMOD)
4600 Silicor Drive {*Y¥Y*D0) YYYYMMDD}
Sareas b a. FROM 20020528
Durham, NC 27703 20020628 Same as 1d
ham = b, TQ 20050222
SECTION | - SUBJECT INVENTIONS
5. “SUBJECT INVENTIONS” REQUIREL TO BE REFORTEL E¥ CONTRACTORISUBCONTRACTCR (¥ "MNone,” <o slafej
ELECTION TO FILE
DISCLOSURE HUMEBER, CORFIRMAYORY INSTRUMENT
NAME(S| OF INVENTOFsS} “11..E OF INVENTION(S) PATENT APPLICATION PATENT APPLICATIGNS (X) OR ASSIGNMERT FORWARDED
{Last, Frest, Middle tniiiat) SERIAL HUMBER OR TA CORTRACTING OFFICER (X}
PATENT NUMBER A} UNITED STATES:  (2) FOREIGN 'Y
a b, o, (a} YES | (b HO _ (a} YES | (b) NG {a) YES (k) NO
Michael Laughner, Jack Clayion Chemical Mechamizad Pelish (CMP) ¢f Silicon Carblde  [P0380
surfzces .
RESCIND - No
Invention
1. EMPLOYER CF INVENTOR(S] NOT EMPLOYES BY CONTRACTONSUBCIATRACTCR g ELECTED FOREIGK COUNTRIESIN WHICH A PATENT APPLICATIOR WiLL BE FILED
{1) [a} NAME GF INVEN TOR (Last, Firsl, MsicTe faitial) 12) (2} NAME OF INVEHYUR fLast, First, iigaia ki) {1) TITLE QF INVENTION {2: FOREIGN GGUNTRIES OF PATEN™ APPLICATION
{b) NAME OF E&PLOYER ib) MAME OF EMPLTYER
{c) ADDRESS OF EMPLOYER (incluce Z!IP Tade) “c) ADDRESS OF EMP_OYER (include ZIP Code)

SECTION (I - SUBCONTRAZTS (Containing @ "Patent Rights” ¢clause)
6. SUBCONTRAGCTS AWARDED BY CONTRACTOR/SUBCIONTRACTOR (If "None,” so slale)

FAR "PATENT RIGKTS"
NAME OF SUBCONT RACTOR!S) ACERESS fiaeisdie 208 CodeJ SUBCONTRACT " DESGRIPTICN OF WORK TO BE PERFORMED SUBCONTRACT hﬁras (YYYYMMDD}
NUMBER(S UNDER SURCONTRACT(S,
RiS) M} CLAUSE | (2) DATE . () (1) AWARD {2) ESTIMATED
a b c. NUMBER | (YYYYMM} - : COMPLETION

SECTIOR J}l - CERTIFICATION
7. CERTIFICATION OF REPORT BY CONTRACTOR/SUBCONTRACTOR (Not reguieed . (X as agprozriare)) | | SMALL BUSINESS or | [NONPROFIT ORGANIZATION

| certify that the reporting paryy has procedures for grompt identiication and timely disclosure of "Suhject Inventions, that such procedures have been follcwed and that all “Subject
lnventions” have been reported,

a. NAME OF ALTHORIZED CONTRACTOR'SUBCONTRACTOR B, TITLE ¢. SIGNATURE d. DATE SIGNED
OFFICIAL ;-ast, First, Mcidie fnitias)
Degnan, Shawon M Contracts Manager t D 2/ O L'
m
DD FORMN 882, AN 1999 (EG) SREVIOUS EDITION MAY BE JS WHSIDIOR, Jan 99

cai Got1ls 12N



REPORT OF INVENTIONS AND SUBCONTRACTS R

Fussdant to “Patent Rights " Sontract Ciause} {See Instrucwns on back} Expires Jon 37, 2608
The pubh: “wporting bunﬁcn lor 1hl5 wl-ctlm of infetmation is estmaeed to average 1 hour per rosponse. including <he tima for raview ing existing data sources, gatheting and malntaining the dau needed, lnd comalsting and
coviewing e collestion 5! in W eegardieg this burden estinete of sny other 3spect of thix colection of lnlon-nllcm. hnludmg suggestions for reducing the burdsn, tc tne Department of Dat Dieztormie

[90G0-00€%). Respondents should bo av:ara Ihn notwhhatanding any csher provisin of lavw, na parsan shall be subjeztto pry penatty for faling to comply with a collecticn of information if it dosz rot ditplay 2 currantly valid OMB control number.

PLEASE 20 NOT RETURN YOUR COMPLETED FCRM TO THE ABOVE ORGANIZATION. RETURN COMPLETED FORM TO THE CONTRACTING OFFCER.

| FLEASE TU MO T HE TR YOLS LN LT et
1.3, NAME OF CONTRACTOR/SUEZONTRACTOR c,, CONYRACT NUMBER 2,0 NAME OF GOVERNMENT PRIME CONTRACTOR ¢, CONTRACT NUMBER 3. TYPE OF REPORAT (X cnel
Crez, Inc, N00014-02-C.0302 Same as la Same as ic o mremm | X| b FiNaL
b, ADDREXS (inciuce Zi° Codel d. AWARD DATE | b, AUDRESS Wnsjude 2P Cede) d. AWARD DATE {4, REPORTING PERIOD /YYYYAMIMOD)
4600 Silicon Drive {ryYyamoo) POVYVRMODI T, rrom 20020628
Durram, NC 27703 2C020628 | Sameas Ib 20020628 o~ 20050222

SECTION | - SUBJECT INVENTIONS

5, "SUBJECT INVENTIONS™ REQUERED TO BE REFORTED BY¥ CONTRACTOR/SUBCONTRACTCR fif “wome,* 5o statel

ELEGTION TO FILE CONFIRMATORY TNSTRUMENT
. DISCLOSURE NUMBER,
NANME(S) OF INVENTIRIS} TITLE OF INVERTION(S) PATENT APPLICATION PATENT APP:!CATK)NS X OR ASSIGNMENT FORWARDED
(Lms2, Fiest, Middle mitiolt SEAAL NUMBER OR . TO CHNTRACTING OFFICER (X!
PATENT NUMBER {11 UNITED STATES| (2} FOREIGN e,
' b. €y 12} YES | B} NO | w8} YES | ) NG {a] YES (b} NO
Sumaker:s, Joseph J, Lithographic Method to Reduce Stecking PO 414 i % X
Das, Mtinal Fault Nucleatisn Sites and Structures Having

Reduced Stackirg Fault Nucleaticr: Sites

f. EMPLOYER OF INVENTORIS|] NOT EN®LOYED BY CONTRACTORSUBCONTRACTOR g. ELECTED FOREIGN COUNTRIES IN WHICH A PATENT APPLICATION WiLL BE AILED

1) {a| NAE OF INVENTOCR (Last, First, sfiddie {nitlai] (Z {s] MAME OF INVENTOR fLast, First, Kodoie meis) (1] TITLE OF INVENTION 12) FOREIGN COUNTRIES OF PATENT APPLICATION
ib) NAME aF EMPLOYER I NAME OF EMPLOYER

to} ADDRESS OF EMPLOYER linelude ZiP Code) {1 ADDRESS OF EMPLOYER finciude 2IF Code)

SECTION 11 - SUBCONTRACT'S (Containing a "Patent Rights” clause)

6. SUBCONTHACTS AWARDED BY CONTRACTOR/SUBCONYRACTOR (if "Mone, * 2o state)

H FAR "PATENT RIGHTS™
NAME 2 SUBC ONTRACTOA!S) ADDRESS fincksde ZP Code) : SUBCONTRACT 4 DESCRIFTION OF WORK TO BE PERFCAMED SUBCORTRAGT DI'A'I’ES FOITRESMERE
NUMEER:S} UNDER SURCONTRACT(S) -
a P 1) CLAUSE {2) DATE e 1) AWARD {2) ESTIMATED
v b - NUMBER 1YYVYRMMY > COMPLETION

Please se¢e attached

SESTION iH - CERTIFICATION

7. CERTIFICATION CF REFORT B” CONTRACTOR/SUBCONTRAGTOR (Not requited &: X os oppropviatel | | SMALL BUSINESS ar [ [NONPROFIT GRGANIZATION

| cert fv that the reporting party fias procedures far prompt ldentificaticn and timey disclosure of “Subject Inventions,” that such procedures have been followed and that all "Subject
Inventionz” have been raported.

#s NAME CF AUTHORIZED CONTRACTCRISUBCONTRACTOR by, THLE e SIGNATURE 4, DATE SIGNED
OFFICIAL {Last. Flrst, Middic lnitisl) D .
Degnan, Sharoa M Contracts Manager [f

DD FORM 882, JUL 20C5 PREVIOUS EDITION IS OBSOLE™ FermFlowiAdcbe Prefessional 6,0



ATTACHMENT TO REPORT OF INVENTIONS AND SUECONTRACTS

Prime Contractor:
Contract Number:

Cree, Inc.
N00014-02-C-0302

6. Subcontracts Awarced by Contractor/Subcontractor

Subcorirast  FAR "Patent Rights" Description of Work to Subcontract Dates
Name of Subcontractor(s) Address Number Clause Date  be Performed Award Est. Compl.
Carneq'e Melon University 5000 Forbes Avenue 02-G05 52.227-11 Jan-87 Characterization services 20020628 25040627
Pittsburgk, PA 15213-3860
Case Western University 10900 Euslid Avenue 02-Co6 52.227-1Z Jan-87  Substrate Material and 20020628 23041128
Cleveland, OH 44106-7015 Device Structures
Purduz University 302 Wooqg Street 02-007 52.227-11 Jan-97  Dev. High Power SiC 20020628 20041222
West Lafayete, IN 47907 MOSFETs
Rensssiaer 110 8th Street 04-001 52.227-11 Jan-97  Evaluation of Sic 20040201 20041222

Trey, NY 12+80

Subst-ates

P



REPORT OF INVENTIONS AND SUBCONTRACTS
(Pursuant te "Patent Rights™ Contract Clauses (See Instructions on back)

Forrn Approved
OM8 No. S000-GOS5
Expites Jen 31, 2008

A lmadreictbi fat, Teel

The public seperting burcan fer this colhnucn of information is eszimated 1o average 1 koLr per razponse, insluding the tme far revi
end

reviewing s coliection ef it ragatdirg thiz burdon estimate or any cther aspact of this czliection of inf ian, including {

o

fon of ink

(S000-C095) Respandsniz zhould be awdre that notwithztanding any cthmr provisicn of lew, na psrson shall be cubject ic any penalty tor fallng to ply with a

PLEASE SO NOT BETURN YOUR COMPLETED FORM TO THE ABOVE DRGANIZATION. EETURN COMPLETED FORM TO THE CONTRACTING OFFICER.

data satrees, gathesing and maintsining the ¢An nudud and cnmp!nmg and
s 101 redusing the surden, 1o tha Depsrtment of Det
ien If it does not display a currently valid OMB convol nymbe?,

<. CONTRACT NUMBEF

L e e
1.». NAME OF CONTRACTOR/SUBCONTRACTOR 2.a.NAME OF GOVERNNMENT PRIME CONTRACTCR

¢. CONTRACT NUMBER

3. TYPE OF REPQRT X ane)

Cree, Inc. N0G0014-02-C-0302 Same as 1a Same as lc [a.nverm | ] b sinac

b. ADDRESS (lncluede 217 Code} d. AYAREG DAVE | b, AUURESS fincude ZIP Codel d. AWARD DATE |4, REPORTING PERIQD (YYY YMI00!
£60C Silicon Drive IY<YYMIOD) (rreimaot [, emom 20020628
Durrem, NC 27703 20020628 | Sameas b 20020628 [T 20050222

SECTION 1 - SUBJECT INVENTIONS

6. "SURIECT INVENTIONS" REQUAREN TO BE REPORTED BY SONTRACTOR/SIBCONTRACTOR (i “sone, 5o statel

DISCLOSURE NUMEER,

ELECTION TO FILE

CONFIRMATORY INSTRUMENT

HNAMELS) OF INVENTORIS) TITLE OF INVENTIONUSE PATENT APPLICATION PATENT AW:CA“ONS X OR ASSIGNMENT FORWARDED
(Last, First, Middie witiel) SERIAL NUMBER OR TQ CONTRACTING OFFICER 1XJ
PATENT NUMBER (1) UNITED STATES| {2} FOREBIGN o,
a, L et (a) YES | (6) NO | to) YES | (bkNO is} YES &) NO
Carter, alvin Process for Producitig Silicor: Carcide Crystals |0 475 3 ¥ >

Jenny, Jeson Having Increased Minority Carrier Lifetimes

Malta, Dave

{. EMPLOYER OF IMVENTOR(S) NOT EMPLOYED BY CONTRACTGRISUBCONTAACTOR

g. ELECTED FOREIGN COUNTRIES (N WHICH A PATENT APFLICATION WILL BE FILED

{41 (a3 NAME OF INVENTOR fLast, First, daale Initial) {2+ ) MAME OF INVENTOR JLost, First, Mivdie wtial}) {1} TITLE OF INVENTICN

{b) NAME 9F EMPLOYEFR {b; AME OF EMPLOYER

|c) ADDRESE OF EMPLOYER flriciuda 21F Codaf {ci ADDRESS OF EMPLOYER fiircfude 2IP Code)

(2] FOREIGN COUNTRIES OF PATENT APPLICATION

SECTION |l -

SUBCONTRACTS (Containing & "Patent Rights” clause)

6. SUBCONTRACTS AWARDED BY CONTRACTOR/SUBCONTRACYOR (f "Mane, " sc state)

FAR "PATENT RIGHTS"
d.

SUBCONTRACT DATES (YYYVYMMDD)
i

NAME OF SUBCONTRACTOR(S) SUBCONTRACT DESCRIPTION OF WORK TO BE PERFORMED
ADDRESS fozfues 2i1P Code) NUMBERES) UNDER SUBCONTHRACTIS)
a . (13 CLAUSE | (21 DATE o. (1] AWARD (21 ESTIMATED
. b NUMBER {PYYYm) SOMPLETION

Please see attached

SECTION lIl - CERTIFICATION

ST CERTEIGATION OF REPORT B CONTRACTOR/SUBZONTRACTOR (Nor reqsired 4: (X as apprapvisteil | | SMALL BUSINESS ar

| |NONPROFIT OBGANIZATION

I cerafy that tha reporting garty has procadurss fo' prompt identificaticn and timely disclosura of “Subject Inventions,”
fnventicns" hawe been reportea.

1hat such procedures have bean followed and that all “Subjsct

n, NAME©QF AUTHARIZED CONTRAC TOR/SUBCONTRACTOR b TITLE ¢. SIGNATURE
GPEICUAL (Last, Firsc. Middic itioh
Degnar, Sharon M Contracts Manager

DD FCRM 382, JUL 2005 PREVIOUS ECTTION IS QBSOL!

d, DATE SIGNED

NPT

FormFlow/Adobe Prefessional 6.0




ATTACHMENT TO REPORT OF INVENTIONS AND SUBCONTRACTS

Prime Contractor:
Contract Number:

Cree, IncC.
N00D14-02-C-0302

6. Suhcontracts Awarded by Contractor/Subcontractor

Subcomract FAR "Patent Rights" Description of Work to Subcontract Dates
Name of Subcontractor{s) Address Number Clause Date  be Performed Award  Est. Compl.
Carneg e Melon University ~ 5000 Forbes Avenue 02-026 £2.227-11 Jan-87  Characterization services z0020628 20040627
Pittsburgh, Pa 15213-3880
Case Westermn University 10800 Euclid Avenue 02.006 52.227-12 Jan-97  Substrate Material and 2002C628 20041128
Clevelard. OH 44108-7015 Device Structures
Purduz University 302 Wooc Street 02-627 52.227-11 Jan-97 Dev. High Power S:C 20020628 20041222
Wast Lafayette, IN 47807 MOSFETs
Rensselaer 110 8th Sweet 04-001 52.227-1 Jan-97  Ewvaluation of Sic 2004C201 20041222

Troy, NY 1280

Substrates



REPORT OF INVENTIONS AND SUBCONTRACTS Fom Approvec | o5

{Pursuant to "Patent Rights™ Contract Crausel (See Instructions on back) Exples Jan 37, 2008
Tha publio reporting burdon for thic calration of Information i sctinaied to averxgs 1 hour por respance, inchuding the tima for ravlewing Instructions, ceurching existing data sauscas, gathasing ann malntaining tha data asadad, and enmplating and
reviawing “he collectien of int i Send r Jing this burden estimata er any ather aspect o? thit celection of informmien, including suggestions for radezing the butden, to the Department ot Detanze, E ive Services DI

1300C-0085) Respondents should ba aviate that nolw»:hnun-dirg wny ciher provision of law, no pezson shall ba subject to any penalty fee taliing ta cemply with w coliections of information it it deas not display 3 currantly valid OMB contral number.
PLEASE 20 NOT EETURN YOUR COMPLETED FORM TO THE ABOVE ORGANIZATION. RETURN COMPLETED FORM TO THE CONTRACTING OFFICER.

(.5 NAMZ OF CONTRAGTOR/SUECONTRAGTOR | o CONTRAGT NUNEER 2= NAME OF GOVERNMENT PRIME CONTRACTOR | . CONTRACT NUMBER 3. TYPE OF REFORT (X onc/

«“fjreg, Ine. N00014-02-C-0302 Same as la Same as ic [a. mverim | X] b. FivaL

b, ADORESS ftnclude 2/ Codel d. AWARD OATE | b. ADDRESS linelude 2IP Code] d. AWARD DATE |, REPFORTING PERIOD (YYYYMMOD)
460€ Silicon Drive (YYYYMMOD) (YYYYMMOD! F . caom 20020628
Durnzm, NC 27703 20020628 Same as 1b 20020628 [, 1o 20050222

SECTION ! - SUBJECT INWENTIONS

5. "GUDJECT INVOCNTIONS* NCQUINED TO BE REPORTED BY CONTRACTOFR/EUBCCNTRACTAR (f "rone,” 1o atotal

ELECTION TO FILE t po
NANE(S] OF INVENTORIS} TITLE OF INVENTICN(S} I:E:EL::L;:IE’S;T:S% PATENT APP:ICATIONS ! mﬂ:xﬁ:ﬂzﬁ(f‘;‘:ﬁ:‘iﬂgﬁ;
tLast, First, Middie witiol} SERIAL NUMBER OR - TO CONTRACTING OFFICER X/
PATENT NUMBER 1} UNITED STATES| (2] FORSIGN o.
- o, L3 |a) YES | (b} NO | {a) YES | tb] NO (at YES Ib) NG
‘Sumakeis, Joesph Silicon Carbice Semmconductor Struchures PO4TY X X K
Inciuding Multiple Epitaxial Zayers Having
Sigewalls (as amended)
t. EMPLOYER OF INVENTOR(S} NOT EMPLOYED BY CONTRACTCRISUBCONTAACTOR 9. ECECTED FOREIGN COUNTRIES IN WHICH A PATENT APFLICATION vILL BE FILED
113 la) NAITE OF INVENTOR flest, Fist, Middle Initial) 121 w) NAME OF INYENTOR [Last, Firxt, Middle wtioll (11 TITLE OF INVENTIOH {2) FOREIGN COU~TRES OF PATENT APPLICATION
Hallin Canster Ledenmann, Eeinz
{b) NAME OF EMPLOYER (k: NAME OF EMPLOYER
ABB £BB
¢} ADDRESS OF EMPLOYER (include 2P Code) tc; LDDBESS QF ENIPLOYER (inefude ZIF Code)
Sweder Sweden

SECTION Il - SUBCONTRALTS (Containing a "Patent Rights” clause}

6. SUBCONTRACTS AWARDED EY CONTRACTOR/SUBCONTHACTOR {f "ene, " so state)

FAR “PATENT RIGHTS" sJ NTRACT DATE
NAME oF SUBCONTRACTOR(S) ADDRESS fciate ZIP Code) SUBCONTEACT " DESCRIFTION OF WORK TO BE PERFORMED BCO eT T S (YYYYMMOD)
= ' NUMBERES] UNDER SUBCONTRACTIS)
- .y (11 CLAUSE {2] DATE 0. {1} AWARD (2} ESTIMATED
' k. NUMBER YYYYMAL COMPLETION
Please see attached

SECTION ilf - CERTIFICATION

3 CERTF-CATION OF REPORT BY CONTRACTOR/SUBCONTRACTOR (Narsequied if: (X as spprepiniey’ | | SMALL BUSINESS or | [noNPROFIT ORGANIZATION

| certify that the reporting party has peocadures for prompt idsntfication and timely diszlosure of "Subject Invantions,” that suck procadures have been followed and that all “Subject
Inventicns" hava keen reported,

a. NAME 2OF AUTHORIZEC CONTRACTDR/SUSCONTRACTOR b, TITLE c. SJGNATURE d. DATE SIGNED
QFFICIL fLast, First Miadfe inital) } o f l/ L
Degunan, Sharan M Contracis Manager / 0

FarmFlowfAdobe Prefessicnal 6.0

DD FORM 882, JUL 2005 PREVIOUS EDTION IS OBSOL




ATTACHMENT TO REPORT OF INVENTIONS AND SUBCONTRACTS

Prime Contractor:
Contract Number:

Cree, Inc,
NDODO014-02-C-0302

6. Suhcontracts Awarded by Contractor/Subconiractor

Subcontract  FAR "Patent Rights” Description of Work to Subcontract Dates
Name of Subcontractor{s) Address Number Clause Date  be Performed Award  Est. Compl.
Carnegio Melon Universlty  §0C0 Forbes Avenue 02-005 52.227-11 Jan-97 Characterization services 20020628 20040627
Pittsburgh, PA 15213-3890
Case Western Jniversity 10900 Eaclid Avenue 02-006 §2.227-12 Jan-97  Substrate Material and 20020628 20041128
Cleveland, OH 44108-7015 Device Structures
Purdue University 30z Wood Street 02-037 52.227-11 Jan-87 Dev, High Power SiC 200206828 20041222
West Lafayetie, IN 47807 MOSFETs
Rensseiaer 110 8th Streer 04-001 £2,227-1 Jan-87  Evaluation of Sic 20040201 20041222

Troy, NY 12130

Substrates




HEPORT OF INVENTIONS AND SUBCONTRACTS
{Pu-suant ta "Patent Rights* Contract Clause) (See lnstruciions on back)

Form Approved
oMB No. 5000.0095
Expires Jan 31, 2008

The public seporiing burdan for this calzction of infarmation i estmated to avarags 1 Bour per responss, including the time far reviewlng Inswuctions, samching oxistrg data cources, gathenng and maintainiag the dats needad, and compliting and
taviewlng > gollection af inf jan. Send regardirg tha burden sctimats or any ather aspact ot thiz eaflection of information, Including sugpestians fof f4ducing 1ha burden, 1@ ™a Dapartment ul Jwl , E stive Bo-vicas Dir
{9000-0095., Responcents should be aweare that netwithstanding amy othet provision of {aw. rio persan shall be aubjast 1o any penalty for faiing to comply with a collection ot intormaticn it it does not display a currerily valid OMB contrel rumber.

| PLEASE DO NOT RETURN YOUR COMPLETED FORY) TO THE ABOVE ORSANIZATION. RETURN COMPLETED FORM TO THE CONTRACTING QFFICER.
1.a2. NAME OF CONTBACTOR/SUBCONTRACTOR ¢ COMTRACT NUMEER 2.0, NAVE OF GOVERNWIENT PRIME CONTAACTOR o, CONTRACT NUMBER 3. TYPE OF REPDRT X cne!l
Cres, Inc. N©00014-02-C-0332 Same as la Same as I¢ [ nrEmima | X b FivaL
b. ADDRESS (Include 25 Cods) d. AWARD DATE | b, ADDBESS (inciude ZIF Crulel d. AWARD DATE 4. REPOATING FPERIODR {YYYYAMMOD)
4607 Silicon Drive EYYYYMHOD) IYYYYMAOD) 1L erom 20020628
Durham, NC 27703 20020628 | Sameaslb 20020628 V.55 20050222

SECTION | - SUBJECT INVENTIONS

5. YSUBJECT INVENTIONS” REQLUIRED TC BE REPORTED EY CONTRACTOR/SUBCAONTRACTOR #f "wlone,” sa stote)

DISGLOSURE NUMBER, Aﬁﬁ‘i‘;‘?‘n‘gg_fg-‘ COMFIRMATORY {NSTRUMENT
NAME}3) OF INVENTORIS) TITLE OF INVERTIONIS} PATENT APPLICATION P A NS () OR AGSIGNMENT FORWARDED
(Lazt, First, tdiddls #itisl) SERIAL NUMBER CR - TO CONTRACTING QFFICER (X
PATENT NUMBER t1) UNITED STATES (2) FOREIGN e,
a b. € (2" YES | (BINO | to} YES | IbX NO {a} YES 1by MO
Das, Mrinal Figh Power Silicon Carbide DN Diodes Having [ PO526 P > <
[Hull, Brett Low Forward Voltage Drops
Sumakeris, Joe¢

t. EMPLOYER OF INVENTORIS) NOT ENPLOYED BY CONTRASTUR/SUBCONTRACTOR

g. ELECTED FOREIGN COUNTRIES IN WHICH A PATENT APPLICATION WILL B2 FILED

{1} () NAME OF INVENTOR [Last, First, Midcle Initial} (2} {8} NAME OF INWENTOR (Last, First, &iddle daitisl) (1) TITLE OF INVENTION

{b] NAME OF EMFLOYER {=1 NAME OF EMPLOYER

{c) ADDRESS OF EMPLOYER finclude 2 Codel =1 ADDAESS OF ENPLOYER (Include ZIF Code)

{2} FOREIGN COUMITRIES OF PATENT APPLICATION

SECTION It - SUBCONTRACTS (Containing a "Patent Rights” clause]

5. SUBCONTRACTS AWARDED BY CONTRACTOR/SUBZONTRACTOR ¢f “Aane, ~ se staie]

: oo SUBCONT ?
NAME OF SUBCONTAACTORIS) AOEIRES arekxls 5% Codal SUBCONTRACT FAR "PATENT RGHT DESCRIFTION DF WORK TO BE FERFORMED RACT DATES 7Y YMMDD)
poslvee ¢ NUMBERSS) - UNDER SUBGONTRACTIS}
o . 11) CLAUSE | (2) DATE .. (AWARD | (I ESTIMATED
L B NUMBER IYYYYMM) COMPLETION
Please see attached
SECTION [l - CERTIFICATION

7. CERTFIGATION OF REPORT E7 CONTRAGTOR/SUBCONTRACTOR (ot requiredif; (X as apprepvistei; | | SMALL BUSINESS or | [NONPROFIT ORGANIZATION

| certify that the reporting party has procedures far prompt identitication and timely cleclosura of “Subject Inventions," that such procedures have been follownod and that all "Subject

Inventiens" have boen reported.

a. NAME OF AUTHORIZED CONTRACGTIR/SUBCONTRACTOR k. TITLE TURE d. DATE SIGNED
OFFICWAL {Lasr, Tiear, Aiddic Initist]
Degnan, Sharon M Contracts Manager /0 0L
PREVIOUS EDITION IS OBSOL FormFiow/Acebe Professionat 8.0

DD FCRM 882, JUL 2005




ATTACHMENT TO REPORT OF NVENTIONS AND SUBCONTRACTS

Prirne Contractor:
Contract Number:

Cree, Inc.
N00014-02-C-0302

8. Subcontracts Awardad by Contractor/Subcontractor

Subcontract FAR "Patent Rights" Description of Work to Subcontract Dates

Name of Subcontractoris} Address Number Clause Date  be Performed Award  Est. Compl.

Carnegie Melon University 5000 Forbes Avenue 02-005 52.227-11 Jan-97  Characterization services 20020628 20040627
Pittshurgh, FA 15213-3890

Case Western University 10900 Euclic Avenue 02-006  52227-12 Jan-97 Substrate Material and 20020628 20041128
Cleveland CH 44106-7C1% Device Structures

Purdus University 302 Wood Street 02-007 52.227-11  Jan-87 Dev. H'gh Power SiC 20020628 20041222
West La‘avette, IN 47907 MOSFETs

Rensselaer 110 8th Street 04-001 52.227-11 Jan-897  Evaiuation of Sic 20040201 20041222

Troy, NY 12180

Substrates




REPORT OF INVENTIONS AND SUBCONTRACTS Poansppionsd
{Pursuant ‘c "Patent Rights" Contract Clause; {See Instructions an back} Expires Jan 31, 2008

Tha public Mparing burcen lor this coltezlion of information is axtimatad tn avaraga 1 bour pac responsa, Inchieding e tma of reviewir ins:nuclions, s2arching existing datz saurcas, gathering and meintaint
reviswing A collection of infermation Send comments regareit] this durden ea?lmm of £ny c-hor aspect o this o6 lecticr of Informaflor- including :ugFu ngi%n: for - duang the b g .10 B P .‘enléngglgntt 3,’%&955&"33%73:55‘:“ B‘l?m%&rl\g
{3000-0095) Respondeals sheuld be asazs that nolwilhstandag any otet provision of B, no person shall ne sukiect to any penalty for feifing to comply with a collectior of information if it coas no: display a currenily vaild OMB conirc! numbar,

PLEASE DO NOT RETURN YOUR SOMPLETED FORM TO THE ABOVE CRGANIZATION. RETURN COMPLETED FORM TO THE CONTRACTING OFFICER,

1.a. NAME OF CONTRACTOR/SUBCONTRACTOR o, CCNTRAGT NUMBER 2.a. HAME OF GCVERNMENT PRIME CONTRACTOR | c. CONTRACT HUMBEE 3, TYPE OF REPORT [X one}
Cree, Inz, NCG014-02-C-0392 Sarne as Block 1 [a.nTERM  PX] b. FINAL
D, ADDRESZ (Inciude ZIF Code) d, AWARD DATE | b, ASDRESS (ciuca LiF Gode) X
/ S ruNDD) d ?ﬁ?ﬁﬂﬁﬁﬂi 4, REPORTING PERIOD (vyyyios)
4600 Stican Drive a, FROM 20020628
Durham NC 277C3 20c20828 5. T0 20BA022

SECTION | - SUBJECT INVENTIONS

5, "SUBJECT INVENTIONS” REQUIRED TO BE REPORTED BY CONTRACTOR/SUBCONTRACTGR (! “Vene, ” s slale)

ELECTION TO FILE
DISCLOSLIRE NUMBER, CONFIRMATORY INSTRUMEN T
NAME{S] OF INVENTOR(S) TITLE CF INVENTIONSS) PATENT ARPLICATION PATENT APPLICATIONS (X) OR ASS GRMENT FORWARDED
{Lasy, First, Middle *«itial) SERIAL RUMBER OR L TO CONTRACTING QFFICER (X)
PATENT NUMBER (1} UNITED STATES] () FQREIGN E'S
a, by L {2} YES | (u}8Q | (a) YES | (b) RO ja) YES (b1 NO
Tsvetkov valefi Bu'k Silicon Carbidz Single Crystal Growth without  |P0384 » X X
Brady, Mazk Poycrystalline Risk
f. EMPLOYER OF INVENTOR(S) NOT EMALOYED BY CONTRACTORUSUBCONTRACTOR 9. ELECTED FOREIGN COUNTRIES 'R WHICH A PATERT ASPLICATION WILL HE FILED
(1) (a) NANEOF INVENTOR (Last, First, #tiddle fnitial) (2) (af NAME OF INVENTOR (Last, First, Migdie lraa]) (1L TITLE OF INVENTION {2) “OREIGN COUNTR ES OF PATENT APPLICATION
{b) NAME CF EMPLOYER (b}HAME OF EMPLOYER
lej ADDRESS OF EMPLOYER (inclede ZiF Cade) {c}ABDRESS OF EMFLOZER flaciude 2IF Cote)

SECTION i} - SUBCONTRACTS (Containing a “Patent Rights" clause)

6. SUBCONTRACTS AWARDED BY CONTRACTOR/SUBCONTRACTOR (if “Nere,” so stale)

FAR"PATENT RIGHTS"
NAME OF SUBCONTRACTOR(S) SUBCONTRAST a DESGRIPTIQN OF WORK TO 8E PERFORMED SEGCONTREAGT BATED (YYVYMAIO)
ADDRESS /Irciuco 20P Code) HUMBER N e
(S - LURDER SLBCONTRACT(S)
a . . (ucu\uss (3} DATE . ] AWARD (2) ESTIMATED
UMBER {YYYYMI) ' COMPLETION

Please see altached

SECTION Il - CERTIFICATION

7. CERTIF CATION OF REPORT BY CONTRACTORISURCONTRACTOR (tot requirad it: (X as appropeste)) | | SMALL BUSINESS or | [NONPROFIT ORZANIZATION

| certity that the reporting party has procedures for prompt [dentificatien and timely diszlosure of "Sukjact inventions," that such procedures have been followoed and that all "Subject
tnventions" have been repotted.

2. NAME GF AUTHORIZED CONTRACTORISUBCONTRACTOR b, TITLE ¢, SIGNATURE d, DATE SIGNED

Degnar:, Sharon M Centracts Manager

OFFICIAL (Last, First, Middie initial)
L O Ot

cCH G5¢09Y

DD FORM 882, JUL 2065 PREVIOUS EDITEGN 18 OBSOL

Lozt




ATTACHMENT TO REPORT OF INVENTIONS AND SUBCONTRACTS

Prime Contractor: Cree, Inc.
Contract Number: NO00O14-02-C-0302

8. Subcontracts Awarded by Contractar/Subcontractor

Subconftract  FAR "Patent Rights" Description of Work to Subcontract Dates
Name of Subcontractoris}  Address Number Clause Date  be Performed Award  Est. Compl.
Carnegie Melon University 5000 Forbes Avenue 02-005 52.227-11 Jan-97  Characterization services 20206828 20040827
Pittsburch. PA 15213-3890
Case Mestern University 1090Q E.aclid Avenue 02-008 52.227-12 Jan-97 Substrate Material and 20020628 20041128
Cleveland OH 44108-7015 Device Structures
Purdua University 302 Wood Street 02-007 52.227-11 Jan-87  Dev. High Power SiC 20020828 20041222
West La‘ayete, IN 47907 MOSFETs
Renssslaer 110 8th Street 04-001 52.227-11 Jan-87  Evaluation of Sic 20040201 20041222

Troy, NY 12180

Substrates



REPORT OF INVENTIONS ANLC SUBCONTRACTS o dpprowed

{Pursuanr to “Fatent Rights" Contract Clausey (See Instructions on back) Expiras Jan 3°, 2008
The public reparting bu-dan for this collvation of information iz ectimmted to ausrags 1 haue ner tazpanze, meluding tha ima lor revewing instructions, seatehing oxistine cata sources., qatheting and maintalning the data needed, and completing and
reviewing the celiection of int Send 5 rogirdg th:s burden estimats or any sther aspect of thiz cellection of inf. won, inclvding t for raducing the burden, to the Cepartmant of Defense, Executive Sarvicas Diractorate

{9000.0C25), Respendents should be aware that notwithstanding any cthes provisicn of law, no parson shaff be subjec: 7o any penalty for faiiing to comply with a collaction ef Infarmation if 7t does net dizplay a cunsenty valld CMB contrel mmber,

PLEASE DO NOT RETURN YOUR COMPLETED FAORM TO THE AECVE ORGANIZATION. RETURN CONPLETED FORM TO THE CONTRACTING QFFICER.

1.a. NA™Z OF CONTHACTOR/SUBCONTRACTOR &. CONTRACT NUMBER 2.a. NAME OF GOVERNMENT PRIME CONTRACTOR ¢. CONTRACT NUMSER 3. TYPE OF REPORT /X one/
Cree, Inc. N00G14-02-C-0302 Szne 25 1.a, Same as _.c. [._ INTERM | X | b FINAL
b. ADDRESS finclufe &P Code) d. AWAFRD DATE | b. ADDFEBS {Include 2iP Code) 4, AWARD DATE |4, REPORTING PERIOD (Y'Y YYAIMOD)
4600 Silicon Drive 1YYy YMMODI YYYYRMODI | rrom 20020628
Durhawm, NC 27703 20020628 e vo 20050222

SECTION . - SUBJECT INVENTIONS

5, "SUBJECT INVENTIONS" REQUIRED TO BE REPORTED BY CONTRACTOR/SUBTONTRACTOR /i "Wone,* g0 stars]

ELECTIQN Y0 EILE CONFIRMATORY INSTAUMENT
DISCLOSURE NUMEER, ) |
NAME(S} OF INVENTORIS} TITLE OF INVENTIONIS) PATENT APPLICATION PATENT APFLICATIONS (X1 OR ASSIGNMENT FORWARDED
(Las?, First, Meladie inltiel) SERIAL NUMBER OR . T3 CONTRACTING OFFICER (X}
PATENT NUMBER 21} UNITED STATES [2) FOREIGN 'R
' b, 4 < Io} YES | (BIMNO { {n} YES | (I NQ {a} YES (b} NO
Tsvetkov, Valer
Reduction of Subsurface Damage in the
Powell Adrian Production of Bulk SiC Crystals 10/990,607 x x %
Mueller, Stephan
1. EMPLOYER OF INVEUTOR(S} NOT EMPLOYED BY CONTRACTOR/SUBGONTRAGTOR o. ELECTED FOREIGN COUNTR E5 IN WHICH A PATENT APPLICATION WILL BE FILED
{1} (a} NAAE OF INVENTOR (Last, First. Middie Initisl] {2} (8} WAME OF INVENTOR (Last, First, sticdie Initiai] {3} TITLE OF INVENTION 12) FOREIGN COUNREIES OF PATENT APPLICATION
1b] NAME GF EMPLOYER = NAME OF EMPLOYER
(c] ACDRESS OF EMPLOYER (lnciude ZP Codel (=] ADDRESS OF EAPLOYER (Inctude 2/ Code

SECTION Nl - SUBSCONTRAGTS [Containing & "Patant Rights* clause}

&. SUBCONTRACTS AWARDED BY CONTRACTOR/SUBCONTRACTOR t# ane, 83 statel

FAR “PATENT AIGHTS" SUBCONT T DATES (YYYYMMD
NAMZ CF SUBCONTRACTOR(S) ACORSES teshets 227 Godel SUBCONTRACT py OESCRIPTION OF WORK TO BE PERFORMED RAG 1YY YYMMOD}
€ NUMBESIS! WUNDER SUBCONTRACTIS) :
o N (1) CLAUSE | (2] DATE .. ) AwAgs | ' ESTIMATED
" b. ' NUMBER g {YYYYMM) COMPLETION

|

t

Pleasc see attacked

SECTIGN Ml . CERTIF:CATICN

7. CERTIFICATION OF REPORT BY CONTRACTOR/SJBCONTRACTOR (ot requiredif: (X as apprepeiateis | |SMALL BUSINESS of | |NONPROFIT ORGANIZATION

{ certidy that the reporting party has pracedures for prompt ideniification and timaly disclasure of "Subject Inventions," that such procedures have bean tolfowsd and that all “Suhject
Inventiens" have Dean reported,

a. NAME OF AUTHORIZED CONTRACTOR/SUBCONTRACTOR k. TITLE <, DATE SIGNED L
UFFIGAL (Last, Fos, Midate fnidal? Contracts Manngcr ’L 0 lf
Degnar, Sharon M

DD FORM 882, JUL 2005 PREVICL'S ECITION IS OBSOL FormFlow/Adobe Frafessionzl 6.0



ATTACHMENT TO REPORT OF INVENTIONS AND SUECONTRACTS

Prima Contractor:
Contract Number:

Cree, Inc.
N00014-02-C-0302

6. Subcontracts Awarced by Contracror/Subcontractor

Subcaontract

FAR "Patent Rights"

Description of Work to

Subconiract Dates

Name of Subcontractor(s) Address Number Clause Date  be Performed Award  Est. Compl.

Carnegie Melon University 5000 Forbes Avenue 02-035 52.227-11 Jan-87  Characterization services 20020628 20040627
Pittsburgh. PA 15213-3890

Case Western University 10900 Euclid Avenue 02-026 52.227-12  Jan-97 Subsirale Material and 20020628 20041128 N
Clevelano, OH 44106-7015 Device Struciures

Purdus University 302 Wood Sirget 02-007 52.227-11 Jan-97  Dev. High Power S5iC 23020628 20041222
Wost Lafayete, IN 47907 MOSFETs

Rensselaer 110 8th Street 04-001 52.227-11 Jan-87  Ewvaluation of Sic 20040201 20041222

Troy, N¥Y 12180

Subsiraies

P




REPORT OF INVENTIONS AND SUBCONTRACTS

(Pursuant tc "Patent Rights ™ Contract Clawse) (See Instruections an back)

Form Approved
OMB No. 9000-CU5
Expiras Jan 31, 208

T'hn puh![c rnponing burden fer this ccliectlen ef information ls astimated to avarage 1 hour por rasponse, including the time for rewiewing i ms\rucuom, zoarchng existing data saurces, gathering and muintmning the data needed, and cemploting and

jen ot mfar Sona

3 regaraing tNis burdan ssumate or any other aspect of ths

of imrer,

@ suggestens for raducing the birdan, to tho Department »f Defonze, E

e Services Directarata

(90000099& Rezpandents should by mware that notwvithstanding any other provision of law, no person ghall be subject to any penalty for faiiing to cnmplv with a collectlon of Informratior if it does not display @ currently velid GMB cantrel nur-ter,

PLEASE DG NOT REYURN YOUR COMPLETED FORM TO THE ABOVE ORGANIZATION. RETURN CEXVIPLETED FORM TO THE CONTRACTING OJFFICER.

T.0. NAME CF CONTRACTORFUSUBCONTRACTOR

<. CONTRACT NUMBER

2.0. NAME OF GOVERNMENT PRIME CONTRATTOR

c. CONTRACT NUMBER

3. YYPE OF REPORT .X ose)

Crec, Inc. NOO014-02-C-0302 Same as la Seme as 1c Jo.meream | X[ 5. eiNaL
b. ADDRLGS (rclvde 2/ Codef d. AWARD DATE | b, ADGAESS (hhale 2@ Judel) d. AWARD DATE | 4 REPORTIHG PERIOD ¥ Y¥YYMMDD}

4600 Silicon Drive {YYYYMADD) (rYYYMMOSI I kmom 20020628

Durham, NC 27703 20020628 Same as tb 20020628 [ 1o 20050222

SECTION | - SUBJECT INVENTIONS

5. "SUBJECT INVENTIONS™ REQUIRED TO EE REFORTED

BY CONTRACTOR/SUBCONTRACTOR ¥/ “Wono, * so srave;

NAME(S] OF INVENTOR(S)
ILast, First, Middra initixft

TITLE OF INVENTICN(SI

ELEGTION YO FILE

DISCLOSURE NUMBER, PATENT APFLICATIONS (X!
d.

PATENT APPLICATION

SERIAL NUMBER OR

CONFIRMATORY INSTRUMENT
OR ASSIGNMENT FORWARDED
TO CONTRACTING OFFICER {X)

PATENT RUNMIER 1} UNITED STATES|  12) FOREIGN .
8 b, e (o) YES | (o} NO | fu) YES | (b)NO {a) YES tb) NO
Powell, Adrian Low basal plane dislocation tulk grown SiC PU458 e 4 X
Brady, Mark wafers

Tsvetkov, Valeri F,

f. EMPLOYER OF INVENTORLS) NOT EMPLOYED BY CONTRACTORISUBCINTRACTOR

0. ELECTED FOREBGM COUNTRIES IN “WHICH A ®ATENT APPLICATICN WILL BE FILED

{7) tal NAME OF INVENTOH (Last, Frss, Middee fmitiai

{21 (c. NAME OF INVENTOR [last, First, Middie initial)

[b] NAME OF EMPLOYER

(b} NAME OF EMPLOYER

{e) ADDRESE OF EMIPLOYER finclude ZiP Codel

fc} ADDRESS OF EMPLOYER (include Z/P Cod=!

(1) TITLE OF INVENTION

{2} FOREIGN CCUNTRIES OF PATENT APPLCATION

SECTION 1l - SUBCONTRACTS (Comtaining a "Patent Rights" clause)

6, SUBCONTRACTS AWAHKDED BY CONTRACTOR/SUBCONTRACTOR (I "Nona,” so state)

FAR "PATENT AIGHTS™

NAME OF SUBCONTRACTORIS) SUBEONTRACT g CESCRIPTIGN OF WORY, TG BE PERFORMED
ADBRESS finclude Zip Code) NUMBERIS) UNDER SUBCCNTRACTLS)
" ‘. (1)CLAUSE | {2} DATE .
b, NUNBER | AYYYYAAS

SUBCONTRACT DATES (Y YY YAIAIDD)

{2 ESTIMATED

1] AWARD CCRPLETION

Please see attached

SECTION Ill - CERTHCATION

7. CERTIFICATION OF REPORT BY CONTRACTYCR/SUBCONTRACTOR /Nof requiced if: {X a3 appeopriatel) ]

[sMaLL BUSINESS or ]

|NDN}'1'ICHT ORGANIZATION

I certify that the reporting party has pracedures for prompt identiflcation and timely disclosure of “Suhbject Inventions,” that such procadures qave besn followed and that all "Subssct

Inventions” have been reportad.

8, NAME OF AUTHORIZED CONTRAZ™CR/SUBCONTRACTOR
CFFICIAL /Last, First, Micdle Initfad)

Degnan, Sharon M

b, TITLE

Contracts Manager

e. SIGNATUHRE

d. DAYE SIGNED

{ b}'),/?'(i

DD FORM 882, JUL 2095

PREVIOUS EDITION (S OBSOLE

FomFow!/Adoba Fredessional 6.0
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ATTACHMENT TO REPORT OF INVENTIONS AND SUBCONTRACTS

Prime Contractor:
Contract Number:

Cree, Inc.
NOGD14-02-C-3302

6. Subcontracts Awarded by Contractor/Subsoentractor

Subcomniract  FAR “"Patent Rights” Description of Work to Subcontract Dates
Name of Subconfractor{s) Address Number Clause Date  he Performed Award  Est. Compl.
Camnegie Melon Unive-siy E00C Forbes Avenue 02-C05 £2.227-11 Jan-87 Characterzaticn services 20020628 20040827
Pittsburgh, PA 15213-3890
Case Western University 10900 Euclid Avenue 02-CoB £2.22712 Jan-97 Substrate Marterial and 20020628 20C41128
Ceveland, OH 44106-7015 Device Structures
Purdue University 302 Wood Street 02-C07 £2.227-1+ Jan-37 Dev. Hign Power SiC 20020628 20041222
West Lafayette, IN 47907 MOSFETs
Rensselaer 1° 0 8th Street 04-C01 §2 22717 Jan-37 Evaluaticr of Sic 20040201  200€41222

Troy, NY 12180

Substrates



REPORT OF INVENTIONS AND SUBCORTRACTS
{Pursusnt to "Patent Rights” Contract Clause) (See Instructions vn back)

Form Approved
OME No. 9000-0055
Expires Jan 31, 2008

The public reparting burden fer this collection of Inkarmation is estimated to averaga 1 hour per responze, Including the time for raviewing i

32 o

tng date saurses, gathering snd maintaimng tha date neaded, and ex-ploting and

raviewing tha chllvstun of Irfurmaton. Sond comeents regarding this buden estimate or zny ether wspect of ths colluction of miormaticn, IMcluding mgmom tor nWang the burdom, tu tha Departmant of Defante, Exacutiva Sarvleas Dirsetorate
{8000-0C96), Respondents should S6 awaro that notwithstanding any other aravision of law, no paraon shafl ba cubjct 10 any penaity ~or {aling to comply with x ssllection of informatiot { It does not display & cuvently vaild OMB control number,

PLEASE DO NOT RETURN YOUR COMPLETED FORM TO THE ABOVE ORGANIZ,

ATION. RETURN CCWMPLETED FORM TCQ THE CONTRACTING OFFICER.

1.a. NAME 07 CONTRAGTOR/SUBGONTRACTOR c. COMTRAGT NUMBER 2.2 NAME OF GOVERMMENT PRIME CONTRAGTOR | . CONTRACT NUMBER 3., TYPE CF REPORT o ore}
Cree, Inc. NO0014-02-C-0302 Same as la Same as lg [a,mrenme | X v, s
6. ADDREGS flackiole 21 Codel d. AWARD DATE | L, ADDRESS finciude P Sodv) d: AWARD DATZ |4 REPORTING PERIOD /¥“YYASMDO}
4600 Siticon Drive (YYYYiAMDD) IYYYYMMOB: I caom 20020628
Durham, NC 27703 20020628 Same as 1b 20020628 b, o 20050222
SECTION | « SUBJEC™ INVENTIONS
5, "SUBJECT INVENTIONS” REQGUIRED TO BE REPCRTED BY CINTRACTOR/SUBCONTRACTCR (# “Nopo, ” sc srare,
ELZCTION TO FILE CONFIRMATORY INSTRUMENT
NAMEIS) OF INVEMTORIS) TOTLE OF INVENTION(S) ATENT AP CATION PATENT APPLICATIONS X) OR ASSIGRMENT FORWARGED
lLast, Fiist, Midcie initis) SERIAL NUMBER OR e TO CONTRACTING CF=ICER (X
PATENT NUMBEN (1) UNITEC STATES] {2} FOREIGN o,
. b, S Is) YES | (b3 NO | (} YES { Ib) NG {a} YES -b) NO
Tvsetkov, Valeri F, Method and Apparsatus for the Production of PG 503 pod X b4
Malta, David P, Silicon Carbide Crystals

f. EMPLOYER OF INVENTOR:S) NOT EMPLOYEC BY COMTRACTOR/SUBCONTRACTOR

0. ELECTED FOREXSN COUNTRIES IN WHICH A PATENT APPLICATICN WILL BE ALED

117 {n) NAME OF INVENTOR fLast, Firsi, Middle Initiap

(2) (o) NAME OF INVENTOR {Last, First, Mddie initiai}

(1] VITLE OF INVENTION

{b) NAME OF ENPLAYER

{b) NAME OF EMPLOYER

(c} ADDRESS DF EMPLOYER {Inclnde ZIP Codel

fc) ADDRESS OF EMPLOYER finclude ZIP Godel

(2] FOREIGN COUNTHRIES OF PATENT APPLICATION

SECTION I} ~SUBCONTRACTS (Contairing a "Patent Rights” clause)

6. SUBCONTRACTS AWARDEC BY CONTRACTGR/SUSBCONTRAGTOR (I "None, * sv stats)

p - YV
FANE OF SUBCONTRACTOR(S| ADGRESS flaclude ZIP Codel SUBCONTRACT FAR pmxm’ RIGHTS DESCRIPTION OF WORK TO BE PERFORMED SUBCONTRAGY 0"-115 a0
NUMBERIS) UNDER SUBCONTRACT(S) -
a> c (1) CLALSE | {2) DATE o (1} AWARD 12k ESTIMATED
b, ” NUMBER FYYYYMM) COMPLETICN
Please sce attached
SECTICN It ~CERTIFICATION
7. CERTIFICATION OF REPORY BY CONTRACTORISUBCONTRACTQR No? required it: X as appropriatel} [ [sm.u. BUSINESS or [ IHONPIDFIT ORGANIZATION

| certify that the reporting party has procadures for prampt identification and timely disclosure of "Subject Inventions,” that such procedurss have been followed and that all "Subj=t

Inventions" have baan reparted.

a. NAME OF AUTHORIZED CONTRACTOR/SUBCONTRACTOR | b. TITLE
OFFICIAL (Last, First, Midcls Initia
Degnan, Sharon M, Ccritracts Manager

. S|GNATURE

DD FORM 882, JUL 2005

PREVIQUS EDXTION 1S OESO

d. DAYE SICNED

10[2 e

FonnFow/Adobe Pressional 66



ATTACHMENT TO REPORT OF INVENTIONS AND SUBCONTRACTS

Prime Contractor:
Contract Number:

Cree, Inc.
N00D14-02-C-(3302

6. Subcontracts Awarded by Contractor/Suzcontractor

Subcontract  FAR "Patent Rights” Descriptior of Work to Subcontract Dates
Name of Subcontractor(s) Address Number Clause Date  be Performed Award  Est. Compl.
Camegie Melon University 5000 Forbes Avenue 02-005 52.227-1+ Jan-97  Characterization services 20020628 20040627
Fittsburgh, PA 15213-3890
Case Western University 13800 Euclid Avenue 02-006 52.227-12 Jan-97  Substrate Material and 20020628 20041128
Cleveland, OH 44106-7015 Device Struciurss
Purdue University 302 Wood Street 02-007 52.227-11 Jan-97 Dev. High Fower SIiC 20020628 20041222
West Lafayetie, IN 47907 MOSFETs
Rensselaer 110 8th Street 04-00~ 52.227-11 Jan-97  Evaluation cf Sic 20040201 20041222

Troy, NY 12180

Substratss



iy’

REPORT OF INVENTIONS AND SUBCORTRACTS Form Ampisved
{Pursuant to “Patent Rights ™ Contract C'ause} (See Instructions on back] Expires Jan 31, Z0C8
Tho public repartang burdan tor this eslicction of informatian e ectimated to average 1 haur per retponse, insluding the tinwe for —eviswirg inetrietions, saaching axlisting data souwizes, gathering and ing the data ded. ond sorgpleting ead
reviewing tha colisction of inf i Send vagarding this burden estimate or any othar azpsct cf this collestic of m{s*mation, Including suggestians for ruducing tive lndes, to the Dep n of Detf ! E ive Services O
{9000-0095], Respondants snould bo aware that notwith ding any other provision of law, no person shall ba subset to any penait's tor faiing to ply with a ecllection of inf iz il & doas not display a exrrantly vahd OMB control nurwour,
PLEASE DO NCT RETURN YOUR COMPLETED FORM TG THE ABOVE ORGANIZATION. RETURN COMPLETED FORM TO THE CONTRACTING OFFICER.
1.a. NAME OF GONTRACTOR/SUBECONTRACTOR o. CONTHACT NUMBER 2.a. NAME OF GOVERNMENT PRIME CONTRACTOR 5. CONTRACT NUMBER 3, TYPE OF REPORT <X ana/
Cree, Inc. N00014-02-C-0302 Same as 1a Same as Ic Jamream | X1 8 FNaL
b. AUDDRESS {trclutle ZiF Codel d. AWARD DATE | b, ADDRESS (nclwde ZF Codel d, AWARD DATS |5, REPORTIMG PERICD ¥YYYAIMDD!
4400 Silicon Drive {YYYYMMOD) YYYYMMDI o™ e om 20020623
SECTION | ~ SUBJEC™ INVENTIONS
5. "SUBJECT INVENTIONS” REQUIRED TO BE REPORTED BY CONTRACTCR/EUBCONTRACTOR i/ "Nore,” e atwes)
ELECTION TO FILE CONFIRFAATORY INSTRUMENT
DISCLOSUAE NUMBER,
NAME(S) OF INVENTCR(S) TITLE OF INVENTICN(S: PATENT APRUGATION PATENT APPI&.I_CA‘\'IONS . OR ASSWINMENT FORWARDED
(Lost, Ficst, Micdie atiai) SERIAL NUMBES OR TO CONTRACTING OFFICER /X
PATENT NUMSER 17) UNTTEC STATES|  12) FOREIGN a;
b b. e tal ¥ES | {w)NO | 191 YES | (b} N2 (a) YES 1t NO
Das, Mnnal Nifrogen Passivation of Interface States m St | P0267 ¥ X X
$102 Structures
Saxler, Adam

. EMPLOYER OF INVENTOR(S| NOT EMPLOYED 8Y CONTRACTOR/SUBCONTRACTOR g. ELECTED FOREIGN COUNTRIES i WH SH A PATENT APPUCATION WILL BE FILED

$1) (sl NAME QF INVENTOR [Last, Fest, Midale lnitsi] 121 (e NAME OF INVENTOR {Lest, First, Middia Inftial} 1) TITLE OF INVENTION (2} FOREIGN COUNTRIES OF PAYENT APPLCATION
{ts) NAME OF EMPLOYER b} NAME OF EMPLOYER
l¢) ADDRESS CF EMPLOYER finciude ZiP Codel (c} ADDRESS OF EMPLOYER finclude ZIP Sodz)

SECTION [l «SUBCONTRACTS (Contaurring @ "Patent Rights ™ clause)

§. SUBCONTRACTS AWARDED BY CONTRACTOR/SUBCONTRACTOR (/f "None, ” so staze)

FAR "PATENT BIGHTS" SUBCONTRACT DATES j7YYYMMOD}
HAME OF SUBCONTRACTOR(S}) ADDRESS finclude ZIP Codel SUBCONTRACT R —E;“T s OESCRIPFTION OF WD#K TG BE PERFORMED [ !
NUMBERIS) x UNDER SUBCCNTRACTIS) -
o e {11 CLAUSE | (2} DATE . (15 AWASD (20 SSTIMATED
bs MINBER YYYYMM} CCWVPMLETION

Please see attached

SECTION 1l - CERTIFICATION

7. CERTIFICATION OF REPORT BY CONTRACTOR/SUBCONTRACTOR (Kor required if: IX a5 spprowristal] | | SMALL BUSINESS or | [MONPROFIT ORGANIZATICR

1 cartify that the reperting party has procedures for prompt identification and timely disclosure o¢ “Subject invenitions," that such procadumes have been followed and that all "Sublect
Inventions™ have been reparted.

JTUAE d, DATE SISNED

w)ﬁz_!/al;

w. NAME OF AUTHORIZED CONTRACTORISUBCONTRACTOR b, TITLE z. 5l
OFFICIAL {Last, First, Middle tatis!

Degnan, Sharon M, Contracts Manager

FormFiow/Adebe “rcfessional 6.0

Pl FORM 882, JUL 2005 PREVIOUS EDITION IS DBSO



ATTACHMENT TO REPORT OF INVENTIONS AND SUBCONTRACTS

Prime Contractor:
Contract Number:

Cree, Inc.
NOD014-02-C-0302

6. Subcontracts Awarded by Contractor/Subcontractor

Subcontract  FAR "Patent Rights" Description of Wark to Subcontract Dates
Name of Subcontractor{s) Address Number Clause Date be Performed Award Est, Compl.
Carnegie Melon Unive-sity 5000 Forbes Avenue 02-C05 52.227-1" Jan-87 Characierzation services 20020628 20040627
Pittshurgh, PA 15213-3890
Case Western University 10900 Euclid Avenue 02-Co& 5222712 Jan-897  Substrate Material and 20020628 20041128
Ceveland, OH 44106-7015 Device Struciures
Purdue University 302 Wood Street 02-007 52.227-1" Jan-97  Dev. High Powsr SiC 20020828 20041222
West Lafayetts. IN 47807 MCSFETs
Rersselaer 110 8th Street 04-0C1 32,2271 Jan-87 Evaluatior of Sic 20040201 20041222

Troy, NY 12180

Substrates



REPORT OF INVENTIONS AND SUBCONTRACTS
{Purstiarit 20 "Patent Rights " Contract Tlause; (See [nstructions on back)

Form Approvesd
OMB No, 5000-0095
Expires Jan 31, 2008

fhe publ— reporting bmd:n 4or |hls collaction af Informatien it estirwmd 20 averaga § hour per raspense, wekiding the tme for rewWswing instructions, sesrching existing data sources, gathering snd maintziing the data nesded, and complating and
d

' C the

(9000—0-5) Rospondunm should be asvare that notwithstanc:ng snyowrer grovision of law, na

petaon shall be

subject 16 any penalty for failing 1o

by with »

ian <f inf

regardirg this burden matimate or Any ather aspect ¢f this celiacsion o? jnformaton, Including wggu\bm {for reducing the burden, to the Department of Defentes. Exacutive Sarvicas Diractarate
ion if it doex not display a currantly valid OMB control number.

PLEASE DO NOT RETURN YCUR COMPLETED FORM TO THE ABOVE ORGANIZATION. SETURN COMPLETED FORM TO THE COWTRACTING OFFICER.

1.a. NAME OF CORTRACTOR/SUBCONTRACTOR © CONTRACT NUMSER 2.a, NAME OF GOVERNMENT PRIME CONTRACTOR c. CONTRACT NUMBER 3. TYPE OF REPORT (X one}
Cree, Inc. N00014-02-C-0302 Same as la Sameas I¢ o mremns | X[ b, Fivar

L. ADDRESS finuhnde JP Cude} c. AWARD OATE | . ADDRERXS finclutfe ZIP Code, . AWARDR RATE |3, REPORYING PERIOD /¥YYYMMOD!)
460C Silicon Drive (YYYYMMDD] YYYYIMOD) | om 20020628
Durkam, NC 27703 20020628 Same as |p 20020628 25500 50222

SECTION 1 - SURIECT INVENTIONS
5. *SURECT INVENTIONS" REQUIRED TO BE REPORTED BY CONTRACTGR/SUBCONTRACTOR /1" “Aone, * so state)
ELECTION TO FILE CONFIRMATORY INSTRUMENT

DISCLOSURE NUMBER,

PATENT APPLICATIONS (X}
d.

DH ASSIGNMENT FORWARDED

NAME(S| OF INVENTORIS) TITLE OF INVENTIONIS) PATENT APPLICATION
{Lest, First, Atiddie ‘nitiel) SER{AL NUMBER OR O CONTRACTING OFF|CER (X)
PATENT NUMEER £1: UNITED STATES|  {2) FOREIGN e,
2, b & ta} YES | (B) NO | tm) YES | Ib) NO “fn) YES i NO
Ryu, Sc.-Ilyung Vertical JFET Limited Silicon Casbide Power 'O 279 X » P4

Metal-Oxide Semiconductor Field Effect
Transistors and Methods of Fabricating Vertical
JFET Limiteé Silicon Carbide Meial-Cxide
Semi-conductor Field Effect Trarsistors

1. EMPLOVER OF INVENTORIS] NOT ESAPLOYED BY CONTRACTIRISUBCONTRACTOR

g. ELECTED FOREIGN COUNTRIES IN WHICH A PATENT APPLICATION WILL BE FILED

(1) {a] NAME OF INVENTOR (Last, First Middle initlel]

24 () NAME OF INVENTOR (Last, First, Widdlo in2iall

(1) TITLE OF INVENTION

{b] NAME OF EPMFLOYER

tbi NAME OF EMPLGYER

{c} ADORESS OF EMPLOYER (Include 23 Codei

te. ADDRESS OF EMPLOYER llnciude 2IF Code,

(2} FOREIGN COUNTRIES OF PATENT APPLICATION

SECTION || -

SUBCORTRACTS (Containing a "Patent Rights" clause)

6. SUBCONTRACTS AWARDED &Y CONTRACTOR/SUECONTRACTOQR 17 “sone, ~ sa state)

FAR "PATENT RIGHTS"
o,

SUBCONTRACT DATES (YY" YMMOD!)
[N

NAME OF SUBCONTRAGTORIS! ~ SUBCONTRACT DESCRIPTION OF WOAK TO BE PERFORMED
ADDAESS (#asfuc= ZiP Code} NUMBER!S) T e UNDER SUSCONTRACTIS] T
e ». & NUMBER | /Yyyyammy o 0l AWARD COMFLETION
Please see attached
SECTION Uil - SERTIFICATION
7. CERY RCATION OF REPORT B* CONTRACTORISUBCONTRAGTOR (Nor sequired if: (X as spproptiatel) | | SMALL BUSINESS or { |NONPROFIT DRGANIZATION

1 cerufy that the repotting party has procedurss for prompt identification and timsly disc’osure of "Subject Inventions,” that such procedutes have been fellowed and that all "Subject

Iriventicns” have basn reportesd.

2. NAME OF AUTHORIZED CONTRACTOR;SUBCONTRACTOR b. TITLE N d. DATE SIGNED
OFFICEAL fLast. Firsi. Middte Initial? . R
O, o
Degnan, Sharon M Contracts Manager / / 2// l(
PREVIOUS EDI~ION IS OBSC FormPlow/Adobe Profossional 6.0

DD FCRM 882, JUL 20C5
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ATTACHMENT TO REPORT OF INVENTIONS AND SUBCONTRACTS

Prime Contractor:
Contract Number:

Cree, Inc.
N00014-02-C-0302

6. Supcontracts Awarded by ContracterfSubcontractor

Subcontract  FAR "Patent Rights" Description of Work to Subcontract Dates
Name of Subcontractor{s) Address Number Clause Date  be Performed Award  Est. Compl.
Carnegie Melon Universty 5000 Forbes Avenue 02-CO5 532 22714 Jan-97  Charzcierizatiaon servicas 20020628 20040827
Pitisburgh, PA 15213-3580
Case Western University 10900 Eucid Avenue 02-C06 52.227-12  Jan-97 Substrate Material and 20020628 20041128
Cleveland, OH 44106-7015 Device Structures
Purdue University 302 Wood Street 02-C07 52,2271 Jan-87  Dev. High Power SiC 20020828 20041222
West Lafeyetie, IN 47907 MOSFETs
Rensselaer 110 8th Strest 04-C01 52.227-1" Jan-87 Ewvaluation of Sic 20040201 20041222

Troy, NY 12°80

Substrates

P




REPORT OF INVENTIONS AND SUBCONTRACTS
fPurstan: o0 “Patent Righis" Contract Clause) {See Instructiors an back)

Form Appraved
OME Na. 3000-0085
Expires Jen 31, 2008

The public reporting burdan for this comction of information s esfimstec to avarage 1 howr per responze, including e tme for reviewing instructions, searchig existing deta sources, gatheting and maintaining the data needed, and compieting and
1aviewing 3w coflection of infarmetion, Send comments regarding thes bueslen ustimute ar any other aspact of this odllactien of Information, including suggestions for reducing the burden, to the Dopartmeant of Datensze, Exacutive Sarndces Cractorate
(3C00-00%5). Rezpandonis should be awara that notwithstandmg eny othes provision of lew, no gerson shall be subyect 1 eny penalty fer faling to comply with a ocllection of infarmation If it dovs no: display a currently valid CMB contra’ numbez,

PLEASE DO NOT RETURN YOUR COMPLETED FORM TO THE ABOVE ORGANIZATION. RETURN COMPLETED FORM TQ THE COMTRACTING OFFICER.

1.a. NAME OF CONTHACTOR/SUECONTRACTOR

<. SONTRACT NUNEIER

2.8, NAME OF SOVERNMERT PRIME CONTRACTOR

e. CONTRACT NUMBER

3. YYPE OF REPORT /X ane)

Cree, Inc. N00014-02-C-0302 Same as la Same as . ¢ [a.vrER | X[ b ANAL

D. AUUNESS finciude Z4& Cooe) d. AWARD DATE | b. ADDRESS ifnowde 2if Cade? d. AWARD DATE |4, REPCRTING PERICD [YYYYAMODS
4609 Silicon Drive IYYYYMMOD) YYVYMMOD] I o 20020628
Durhzm, NC 27703 20020628 Same es 1b 29020628 b Yo 20050222

SECTION | - SUBJECT INVENTIONS

%, "SUBJECT INVEKTIONS™ REQLIRED TQ BE REFORVED BY CONTRACTOR/SUECONTRACTOR (¥ “&one,” 3o state)

NANE(S) OF INVENTORIS]
{Lart, Fieat, Middla t4itial)

TITLE OF INVENTION(S)

DISCLOSURE NUMBER,
PATENT APPLICATION
SERIAL NUMBER CR

ELECTION TO FRLE
PATENT APPLICATIONS [X/
d.

CONFIRMATORY INSTRUMENT
OR ASSIGNMENT FORW/ROED
TQ CONTRACTING OFFICER (X/

PATENT NUMBER E1) UNITED STATES] (2§ FOREIGN e
- b. < te) YES | (b NQ | fo) YES | b} NO (s} YES 16l N0
Sumakers, Juseph 1. NMecthods and Apparatus for Controiling FO 297 X x 4

Paisley, Michael P.
O'Lougniin, Michael J.

the Same

Formation of Deposits in a Deposiiion System
and Deposition Systems and Metheds Including

1. EMPLOYER OF INVENTOR(S) NOT EMPLOYED BY CONTRACTOR/SUBCONIRACIOR

g. ELECTED FOREIGN COUNTRIES IN WHICH A PATENT APPLICATION WILL BE FILED

{3} (0) NAWE OF INVENTQR (Lass, First, Miodle fritisl)

{2 w) NAME OF INVENTOR (Lasi, First, fHiddle s usl]

{b) NAME IF EMPLOYER

(b NABE OF EMPLOYER

{c) ADDRESS OF EMPLUOYER fnclude ZIF Code)

! e, ADDRESS OF EMPLOYER {include 2iP Codel

A

{1) TILE QF INVENTION

12} FOREIGN COUNTRIES OF PATENT APPLICATION

SECTION H - SUBCONTRACTS (Containirg a "Patent Rights" clause)

&. SUBCONTRACTS AWARDED EY CONTRACTOR/SUBCONTRACTCR (i “Nane, " so state)

AR "PATENT RIGHTS"
4.

SUBCONTRACT DATES {YYYYMMAD)
1.

NAME <7 SUBCONTRACTORIS! SUBCONTRACT DESCRIPTION OF WORK TO BE PEAFORMED
ADDRESS {fsclude ZIP Code} NUMBERSS) UNDER SUBCONTRACTES)
R c. (1) CLAUSE | {2} DATE . 11 AWARD £2) ESTAMATED
' k. NUMBER tYYYYMAM) COMPLETION
Please see attached
SECTION 11 - ZERTIFICATION
7. CERTIFICATION OF REPORT BY CONTRACTGR/SUBCONTRACTOR (ot requt-ed If: (X 45 sppropelatell | | SMALL BUSINESS or | [NONPROFIT ORGANIZATION

| certify that the reporting party has procedures “or prompt identification and timely dismioaure of "Subject Inventions,™ that suich procedures have been followed and that all "Subject

Inventioms” hawve been reported.

2. NAME OF AUTHORIZED CONTRACT GR/SUBCONTRACTOR b, BILE c. SGNATURE d, DATE SIGNED
ORFICIAL, tLast, First, Middle initial) . )
/b av
Degnan, Sharoa M Contracts Manager
PREVIOUS EDITION 'S OBS FormFlowAdobe Prafessionst 6.0

DD FORM 882, JUL 20C5

P




ATTACHMENT TO REPORT OF INVENTIONS AND SUBCONTRACTS

Prime Contractor:
Contract Number:

Cree, Inc.
NO0O14-02-C-0302

6. Subcontrzets Awarded by Contractor/Subcontractor

Subcontract  FAR “Patent Rights" Description of Work to Subecontract Dates
Nams of Subgontractor(s) Address Number Clause Date  be Performed Award Est. Compl.
Carnagie Melon University 5000 Ferbas Avenue 02.005 5222711 Jan-97  Characterization services 20020828 20040827
Pittsburgn, FA 15213-3880
Case Western University 10800 Euclic Avenue 02-008 5222712  Jan-87 Substrate Material and 20020628 20041128
Cleveland OH 44108-7215 Device Structures
Purdue University 302 Wooa Sireet 02-607 52.227-11 Jan-87  Dev. High Power SiC 20020628 20041222
Woest Lafayeris, IN 47907 MOSFETs
Rensselaer 110 8th Stree: 04-001 52.227-11 Jan-97  Evaluation of Sic 20040201 20041222

Troy, N¥ 12180

Subsirates



REPORT OF INVENTIONS AND SUBCONTRACTS Foam Aporoves

(Puzsuant to "Patent Rights " Contract Ciause, (See Instructions on back) Expires Jan 31, 2008
The public reporting l:uuhn for this comction of Infermation = 5 estimazed to average 1 bour per resgense, including the tre {or raviswing ln:mmlons, uuchfnq oximng dxa sources, gathedng and maintaining the deta neaded, and completing and
g the t Sans @ thes burden estimats or any othet aspect of this cobection of informaticn, for %3 the butden, to =he Departmant of Defensz, Exacutive Services Drectarate

(9000 DOSS‘ Hesponderxs should bo aware that nemnh:land‘murw ouher pravision of laxy, no perzon shall be subject te any panalty for faling to comply with a colleclion of irdormation if 1t doe: not display a currently valid OMB control number.

PLEASE DO NCOT FETURN YOUR COMPLETED FGRM TO THE ABOVE ORGANIZATION. RETURN COMPLETED FORM TQ THE CONTRACTING OFFICER.

1.8, NAME. OF CONTRACTOR/SUESONTRACTOR . CONTRACT NUMBER 2.3, NAME OF GOVERNMENT PRIME CONTRACTOR | c. CONTRACT NUMBER 3. TYPE OF REPORT (X ene)
Cree, Inc. N00C14-02-C-0302 Same as la Same 25 Ic [a. vrerm [ X[ b, AnaL

b. ADDRESS (fuchnde 27 Codv) d, AWARD DATE | b, ADDRESS (/nelude ZIP Ceaw) d. AWARD DAT2 & REPORTING PEAICD tYYYYMMDD}
4600 Silicon Drive YYYYRMOD} EYYMMOD! ™ cqom 20020628
Durham, NC 27703 20020628 | Sameas lb 20020628 76 20050222

SECTION | - SUBJECT INVENTIONS

5. "SUB.ECT INVENTIONS™ REQUIRED TO BE REPORTED BY CONTRACTOR/SUBCONTRACTCR (f “#enc,” 10 siate)

: DISGLOSURE : ELECTION TO FILE CONFIRMATORY NSTRUMENT
NAMEIS] OF IRVENTIR(S! TITLE OF INVENTIONIS| pATENT APPI.':::J:‘TB;?\! PATERT APPLICATIONS X/ OR ASSIGNMENT FORWARDED
{Lnst, Firsr, Middle ritiat) SERIAL NUMBER OR : TO CONTRACTING OFFICER (X/
‘ PATENT NUMBER 1) UNITED STATES|  1X} FOREIGN e
z 'Y by e. (8) YES | (b) NO { ia} YES | {(b) NO (el YES (b] NO
i Sumaker:s, Joseph Method to Redzice Stacking Fault Nuclzation PO3TO7PO3TOUSZ % % X

i
l

Sites and Reduze Forward Veltage Drift in
Bipolar Devices

|

f. EMPLOYER OF INVENTDA(S) NOT EN™ OYED BY CONTRACTOR/SUBCONTRACTOR g ELECTED FOREIGN COUNTRIES iN WHICH A PATENT APPLICATION NILL BE FILED

{1} ta] NAME OF INVENTOR [Last, First, &liddte initlst] {2 {a) NANME OF INVENTOR [last, first, hddle wutiall {1} TITLE OF INVENTION 2) FOREIGN COURTRIES OF PATENT APPLICATION

i

{b} NAME OF EMPLOYEF i NAME OF EMPLOYER

. lc) ADDRESS OF EMPLOYER linciude Zif Code)

: 1= ADDRESS QF EMFLOYER finciude ZiP Code]

i
t
i
4
E

SECTION §l - SUBCONTRACTS (Contaeining a "Patent Rights” clause)

6. SUBCONTRACTS AWARDED B¥ GONTRAGTOR/SUBCONTRACYOR if “ane, ° s state)

FAR “PATENT RIGHTS - susco VY
NAME 2% SUECONTRACTOR(S] [ SUBCONTRACT Y DESCRIPTION OF WORK TO BE PZRFORMED BCONTRACT DATES [¥YYYMMOD)
NUMBERIS| UNCER SUBCONTRACT(S)
. " (1) CLAUSE | (2] DATE . 1 AWARD | 12 ESTMATED
e, NUMBER (YYYYMAM) COMPLETION
]
i
Pleasc zee attached !
i

SECTION Al - CERTIFICATION

7. CEAT FCATION CF REPOAT BY CONTRACTOR/SUBCONTRACTOR Mot required if: IX us appropciore® | | SMALL BUSINESS or | |mvonPROFIT oRGANIZATION

| cartfy that the reporting party has pracedures for prompt identiication and timely disslosure of “Subject Inventions,” that such procedures have been followzd and that all “Subject
inventions" have boen reported.

c. S|BNATURE d. DATE SIGNED

». NAME CF AUTHORIZED CONTRACTCA/SUBCONTAACYOR b, TITLE
QRFICIAL /Last. First. Middie fnitial) / D 2 / o (‘,
Degnan, Sharon M Contracts Manager

DD FORM 882, JUL 20C5 PREVIOUS EDITION IS OBS FoamFlow/Adote Profassicnal 6.0

—
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ATTACHMENT TO REPORT OF INVENTIONS AND SUSCONTRACTS

Prirre Contractor:
Conzract Number:

Cree, Inc,
N0OD0G14-02-C-0302

€. Subcontracts Awarded by Contractor/Subcontractor

Subcontract  FAR "Patent Rights" Description of Work to Subcontract Dates
Name of Subcontractor{s} Address Numbher Clause Date  be Per‘ormed Award  Est. Compl.
Carnegie Melon Univers'ty 5000 Forzes Avenue 02-305 52.227.11 Jan-97 Characterization services 20020628 20040627
Pittsburgn, FA 15213-3890
Case Westerr University 10900 Euclic Avenue (2-006 52.227-12 Jan-97  Substrate Material and 20020628 20041128
Cleveland, CH 44106-70°5 Device Structures
Purdue University 302 Woeod Street 02-207 52.227-11 Jan-97  Dev. High Power SiC 20020628 20041222
Woest Lafayeds, IN 47997 MOSRETs
Rensselaer 110 8th Strest 04001 52.227-11 Jan-97  Evalualion of Sic 20040201 200471222

Troy, NY 12180

Substrates

LT

™



REPORT OF INVENTIONS AND SUBCONTRACTS ir gt - PO

{Pursianr to "Patent Reghts ™ Contract Clause! {Ses Instructions on back) Expires Jan 31, 2008
The pubﬁc meporting budm far thiz ccllaction of ir ion {3 o=t d to ge 1 hour per rasponss, includiag me tims for ravewing i@ U isting data sources, gatheriag and maintaining the data needed, and complating and
ion. Send comments regardng trrx burcen estimame or any othar aspact of this coflacton of Infarmaton, Includinn wgglsﬂum for redecing the burden, to tha Daparimant of Detsnse, Exccml\n Servizes Direclorate
19000-00=&.. Rupondems should be awvare that notwithstandng any cther provision of taw, no person shall e subjecTmo anv penalty far faling to ply with a coliection o! irfi ion if it doss not display a cur-ently valid OMB contre! number,
PLEASE J0 NOT RETURN YOUR COMPLETEDR FOAM TO THE ABOVE ORGANIZATION. RETURN COMPLETED FORM TO THE CONTRACTING OFFICER.
7.a. NALXE OF CONRACTOR/SUSCONTRACTOR ©. CONTRACT NUMBER 2.3, NAMZ OF GOVERNMENT PRIME CONTRACTOR | e. CONTRACT NUMBER 3. TYPE OF REPORT (X one)
Cre=, Inc. N00014-02-C-03G2 Sameas la Same as Ic fo.vream [ X v mnac
b. ADDRESS Miiudde 2P Cude) d. AWARD DATE | b. ADDFRESS finvude ZIP Codef d. AWARD DATE |4, REPCRTING PERICD {YYYYMMDD}
467 Silicon Drive EYYYYMMDD) (YYYYMMOD} [ o 20020628
Durham, NC 27703 20020628 Same zs5 1b 20020628 [ 1o 20050222

SECTION . - SUBJECT INVENTIONS

5, "SUBJECT INVENTIONS" REQUIRED TO BE REPORTED BY CONTRACTCR/SUBCONTRACTOR (¥ “Aons,” so state)

osu ELECTION TO FILE CONFIRMATORY INSTRUMENT
DISCLOSURE NUMBER,
NAMEIS) OF INVENFOR(S} | TITLE OF INVENTISNLS) PATENT APPLICATION PATENT APPLICATIONS X7 OR ASSIGNMENT FORWARDED

{Last, First, iAlddle inivial) : SERIAL NUMBER OR TO CONTRACTING OFFICER f20

£ PATENT RUMBER 1) UNITED STATES| 12} FOREIGN a,
'y b & ¢ YES | b1 NO | [al YES | () NO {af YES ) NO

Sumakeris, Joseph J. Ezduction of Carrot Defects in Silizon Carbide [P0 355 > P <
Q'Loughtin, Micaael J. Enitaxy
{. EMPLOPZR OF INVEMTORA(S) NOT EMPLOYED BY CONTRACTOS/SURCONTRACTOR @. ELECTED FOREIGN COUNTRIES IN WHICH A PATENT APPLICATION WILL BE FILED
() le) NAE OF INVENTOR [Last, First, Middie Initisl) {2 1} NAME OF INVENTOR /Lest, First, Middia in‘tml) {7) TITLE OF INVENTION {2) FOREIGN COUNRIES OF PATENT APPLICATION
(b} NAME C= EMPLOYER . NAME OF EMPLZSYER
{c) ADDRESS OF EMPLCYER finchude 2P Code) {e. ADDRESS OF EMPLOYER fincisde ZIP Code)

SECTICHN I ~ SUBCONTRAZTS (Containing a *Patent Rights” clause)

6. SUBCINTRACTS AWARDED EY CONTRACTORI/SJUBCONTRACTOR it “Mone, * so state}

FAR "PATENT RIGHTS™ SUBCONTRACT D. S
NAME €= SUBCONTRACTORIS) o SUBCONTRACT s, DESCRIPTION CF WORK TO BE PERFORMED Nt ATES [YYYYPMO0)
NUMBER{S] UNDER SUBCDNTRACTI{S)
. .. 11l CLAUSE | (21 DATE . (1 AwanD | 12) ESTIMATED
g & NUMEER 1YYV YRIMI i COMPLETION

Please se¢ attached

SECTION HI - CERTIFICATION

7. CERTEFZATION OF REPORT BY CONTRACTOR/SLECONTRACTOR fNor required H: (X as apprcpdiatest | | SMALL BUSINESS or | [woneroFIT oRGANIZATION

| certify that the reporting garty has proceduras sor prompt ident:fication and timely disziosure of “Subject inventions,” that such procedures have been followed and that all “Subject
tnvention=" have becn reported.

e, NAME OF AUTHORIZED CONTRACTOR/SUBCONTRACTOR b, TITLE <. SIGNATURE d. DATE 5IGNED

OFFICIAL [Last, First, Middle Initiel?
b b\

Degran, Sharon M Contract Manager
DD FORM 882. JUL 2005 PREVIQUS EDITION IS OBSCG FomFlowlAdcts Profossionsl 6.0




ATTACHMENT TO REPORT OF INVENTIONS AND SUBCONTRACTS

Prime Contractor:
Contract Mumber:

Cree, Inc.
N0CO14-62-C-0302

6. Subcontracts Awarded by ContractarfSubgontractor

Subcontract  FAR "Patent Rights” Description of Work to Subcontract Dates

Name of Subeontractor(s) Address Number Clause Date  be Performed Award  Est. Compl.

Carnegie Melcn University 8000 Forbes Avenue 02-005 £52.227-11 Jan-97  Characerization sarvices 20020828 20042627
Pittsburgh PA 15213-3880

Case Western University 10900 Euclic Avenue 02-006 52.227-12 Jan-97  Subsftrate Material and 20020628 20041128
Cleveland, CF 44106-7015 Device Structures

Purduz University 302 Wood Srreet 02-007 £2.227-11 Jan-97 Dev. High Power SiC 20020628 20041222
West Lafavette, IN 47807 MOSFETs

Rensselaer 110 8th Street 04-001 52.227-11 Jan-97  Evaluaidon of Sic 20040201 20041222
Troy, NY -2-80 Subsirztes

AT

4
H

P



REPORT CF INVENTIONS AND $JBCONTRACTS Form Approved
(PLrsuan bo “Patent Rights* Coniract Cizusei ‘See instruclions on back) Exgros Jan 31, 2608

Tan puhli= tapnding irdrn far his cabaction of Information s esimaed to avara

raviewing he collectior of infarmation Send commenis rogating tha purden e

(3000-002%), Respandants should be eware that nciwithsianding any cther grovision of law, ao person sha'l bo subject to any penaky for

e 1 Four per respansa, Incly

17 timp far roviewi

nstruclions, searching exisling deta sources, gathen
méte af any oihar aspect of (his coeclian of Infermaticn, including suggesiicns for teuLcirg the burden, lo
f:nltng to comply with a collecticn @

PLEASE DO NOT RETURN YOUR COMPLETED FORM TO THE ABOVE ORSANIZATION. RETURN ZUMPLETED FCRM TO THE CONTRACTING OFFICER.

1.2, NAME OF CONTRACTOR/SUBCONTRACTOR

c. SONTRACT HUMRBER

and maintaining tha data reeded, and comgpleling and
| epzrtment of Defense, Exacutive Sorvicos
infermalion if it does not disploy a currently vatid OMB cantral namber,

iractoyate

2.2. NAME OF GOVERNNMENT PRIME CONTRACTOR

¢ CONTRACT NUMBER

3. TYPE OF REPORT (X one)

Cree, gc. NO2014-02-C-0302 Same as Slock 1 [,, INTERIM N b. FINAL
. ADDRESS lincida 2P Gode] d. AWARD DATE | B. ADDRESE (lncwdt ZIP Coce) 2 AVARD DATE = -
. . YYYYMI4OD) EVYYYI?MDODJ 4, REPORING PERIOD ¢YYYYMMOD)
4600 Sil con Drive a, FROM 20020628
- 20020628
Durham, NG 27733 b. 70 20050222
SECTION | - SUBJECT INVENTIONS
5. "SUBECT INVENTIONS' REQUIRED TO BE REPORTED BY CONTRACTCRISUBCONTRACTOR (¥ *Asne, " so slaie)
ELECTIQK TO FILE CONFIRMATORY INSTRUMENY
DISCLOSURE NUMBER,
NAHE{S) OF INVENTOR(S} TITLE OF INVENTION(S) PATENT APPLICATION PATENT AFPLICATIONS () OR ASSIGNMENT FORWARCED
{Last, First, &hddte sifiar) SERIAL NUMBER OR : TO CONTRACTING OFFICER (X}
FATENT NUMBER b1} UNITER STATES] (2} FOREIGN a.
a b < (3185 | {b)ho | (a)vES | [B)NO fa) YES {B) N
)]
Excess Silane Abatement Device P0386 X X X

O'Loughlin, Michaei

f. EMPLOMER OF INVERTOR(S) HOT EMPLOYED BY CON TRAGTOR:SUBSONTRACTOR

g. ELECTED FOREIGN COUNTRIES IN WHICH A PATENT APPLICATICN WILL BE FILED

{1) (a} NAME OF INVENTOR {Lasl, First, Mivdle Inttialj

{2} (2) NAME OF IRVENTOR (Last, Frrsf, Middfe 2z

(1} TETLE OF [NVENTION

{b) NAME DOF EMPLOYER

(b! RAME OF EMPLCYER

{<) ADDRESS OF EMPLOYER finctude Z® Cade)

{c: ADDRESS OF EMPLCYER (/clude ZiP Code)

{2) FOREIGN COUNTRIES OF PATENT APPL:CATION

SECTION Il - SUBCONTRACTS (Conlaining a "Patent Rights” clause)

6. SUBCONTRACTS AWARDED BY CONTRACTORIS JEGONTRACTOR (I “Aone.” 50 stale}

FAR "PATENT RIGHTS" :
NAME-OF SUBCONTRACTOR(S) . SUBCONTRACT p DESCRIPTION OF WORK TO BE PERFORMED SKRCONTRAGT DATES (VY YYMMOD)
ADDRESS («nciuas 2P Code) o ' UNDER SUBCOKTRACT(S) '
. y (1:CLAUSE | 2} DATE . {1 aWaRo | VIESTIRATED
* HUMBER | ryyymsy ) COMPLE™ION

SECTION I/l - CERTIFICAT ON

7. CERT #1CATION CF REPORT 87 CONTRACTORISUBJONTRACTOR (Nof required #: (X 2s approprale)} i

| SMALL BUS-NESS or

{ | NONPROFIT ORGANIZATION

| cersfy that the reporting party has proceduses far prompt ident#cation and timely disciosure of "Sublest Inventions,” that such precedures have been fellowed and that ali "Subjoct

Inventicns" have been raportex,

a, NAME 2F AUTHORIZED CONTRAGTL R/ISUBCONTRACTOR
OFFICTRL (Last, Firs:, Middie Inilial)
Degnan, Sharon M

k. JITLE

Zontracts Manager

DD FORM 88z, JUL 2005

CCH O%00€7 0L

PREVIOUS EDITITN IS OBSOLE!

d. DATE SIGNED

1%/2]on




ATTACHMENT TO REPORT OF INVENTIONS AND SUBCONTRACTS

Prime Contractor:
Contract Number:

Cree, Inc.
N00014-02-C-0302

6. Subcontracts Awardsad by ContracterfSubceontractor

Subcontract  FAR "Patent Rights" Description of Work to Subcontract Dates
Name of Subcontractoris) Address Number Clause Date  be Performed Award  Est. Compl.
Carnegie Melon University 5000 Forbes fvenue 02-005 52.227-11 Jan-87  Characterization services 2C020628 20040627
Pittsburgn, PA 15213-3880
Case \Western University 10900 Eud:d Avenue 2-006 52.227-12 Jan-97  Subsirate Material and 20020628 20041128
Cleveland, OF 44106-70"5 Device Siructures
Purdue University 302 Wood Strest 02-007 52.227-"1 Jan-97  Dev. Higa Power SiC 20020628 20041222
West Lafaystte IN 47907 MOSFETs
Renssslaer 110 8th Street 04-001 52,227-1 Jan-97  Evaluation of Sic 20040201 20041222

Troy, NY 12182

Substrates

i



Ref; 9202.7.1040187 CMU

REFDAT OF INVENTIONS AND SUBCONTRACTS
{PUHSUANT TO "PATEN" FIGHTS" CONTRACT CLAUSE] (SEE INSTRUTTIONS ON REVEREE SIDE)

FORM APPROVED
OMB NG. 0704-0297
EXPIRES JUNE 307, 1992

la NANE 2F CONTRACTORSUBCCNTRACTOR iz CONTRACT NUMEER 28 NAME OF GOVERNMENT PRIME CONTRACTOR + CONTHACT NUMBER 3. TYPE OF REPORT (X CNE)
CARNEG £ MELLON UNIVERSITY 102-065 CREE, INT K0C014-02-C+0302 INTERIM ] X [FINAL
b ASD=ESS (INCLUDE ZiP CODE) i 4 ANMARD DATE {YYMMDD) t ABDARZSS JNCLUDE ZiP CODE) d. AWARD DATE {YYMMDD} < REPJRTING PERICD (YYMMDD}
!
5000 FOFBES AVENUE ; 2. FROM 22/06:28)
PITTSBLASH, PA 15213-3890 b. TO 24105726}
SECTION { - SUBJECT NVENT ONS
£ *SUBJECT INVENTIONS” REQUIRED TO BE REPCRTED By COVTRACTOR/SUBCINTRACTOR  (IF "NONE* 82 STATE}
a b. c . ELECTION TOFILE e CCNEIRMATORY
DISC_GSJRE NUMBER PATENT APPLICAT OHS INSTRUMENT OR
NAMES IF INVENTIR(S) TITLE DF INVENTION:E) PATENT APPLICATION ASSIGNMENT FORWARJED
LAST, "RST, 1t SERIAL NUMBER OR ) uS {2) FOREIGN TO CONTRACTING OFFICER
|PATENT HUMBER a)7ES BINO {R}YE5 HINO {1} ¥ES {2) 80
HOME
i, EMPLOYER OF INVENTOR(S) NOT EMPLOYED BY CON™RACTCR!SUBCONTRACTCR . ELECYED FOREIGN COUNTRIES IN WHICH A FOREIGN PATENT APP_ICATICN WILL BE FILED
(1)1a) MAYE OF INVENTOR {LAST, FIFST, MI) 120z +AME OF INVENTOR (LAST, FIRST, M) (1} T TLE OF INVENTION {2) *OREIGN COLNTRIES OF
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